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Abstract 
 
The nasal route presents an enormous opportunity to exploit the highly vascularized respiratory 
airway for systemic drug delivery to provide more rapid onset of therapy and reduced drug 
degradation compared with conventional oral routes. Computational fluid dynamics (CFD) 
simulations of nasal drug delivery often neglect the initial spray particle conditions (e.g., particle 
velocity) and instead introduce particles entrained by the inhaled airflow into the nasal cavity. 
Hence, experimental measurement can provide data for the validation of spray atomization and 
applied to particle deposition study of sprayed aerosols in nasal cavity. From literatures, the 
spray breakup models have not been applied to nasal spray applications, but rather for high 
pressure applications such as combustion, and industrial and agricultural spraying. Hence, there 
is a need to tune the spray model for low pressure applications such as those found in nasal spray 
devices.  
 
This thesis has provided some insight into spray droplet formation after atomization of a drug 
formulation from a nasal spray device. A commercial nasal spray device was tested under a 
constant flow in order to better understand its spray formation and characteristics. External 
characteristics such as the spray cone angle define the range of spray that exits from the device, 
while the internal characteristics such as the droplet size distribution help to determine the 
probability of inertial impaction within the nasal cavity. The experimental method makes use of 
particle image velocimetry (PIV) and particle/droplet image analysis (PDIA) to obtain droplet 
diameters and spray velocities in different spray regions. Image processing techniques were 
applied to enhance visualization and a droplet concentration field. It was shown that there is 
some variation in the droplet diameters with respect to its radial and axial position from the spray 
orifice. Empirical curve fits for the particle size distribution were formulated to allow easier 
adoption of the data into CFD models. The dimensions of the external spray were shown to be 
much larger in comparison with the dimensions of a nasal cavity, which means that only a 
narrow portion of the spray will fit within the narrow cross sections of the nasal cavity.  
 
VI 
 
Another experiment has been performed to evaluate the performance of unsteady spray from 
nasal spray device by using an in-house experimental test station to simulate the hand operations 
by patients. The results showed that there are three main phases of spray development (pre-
stable, stable, and post-stable) that can be correlated by examining the spray width. A 
comparison with a human nasal cavity is made to put into perspective the dimensions and 
geometry that the spray atomization produces. The spray droplet size was analysed under 
different back pressures to mimic the drug delivery by adult and paediatric patients. It was found 
the spray droplet size from the device operated by adult has smaller averaged Sauter mean 
diameter (SMD) which implies better drug absorption in nasal cavity. Also, the spray cone has 
less variation during stable stage. By prolonging the duration of this stage can improve the drug 
delivery performance and stability. The outcome has extended the current existing set of data to 
contribute toward a better understanding in nasal spray drug delivery. 
 
The numerical part of this thesis has presented the fine-tuned spray model constants of the linear 
instability sheet atomization model (LISA) and evaluated its performance for low pressure 
application. Some parameters that were evaluated include the dispersion angle and the liquid 
sheet constant that influences the droplet size distribution and dispersion. The simulation results 
were evaluated against experimental data that has been previously performed. It was found that 
the LISA model provided good comparisons when a dispersion angle of 3◦ and a liquid sheet 
constant of 1 were used. In addition, three scenarios were investigated: (i) influence of fluid 
droplet coupling; (ii) increase in mass flow rate; and (iii) changing the orientation from 
downward spray to upward spray.   
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CHAPTER 1  
Introduction 
 
1.1 Background and Objectives 
Spray atomization is a common liquid delivery method in various industries, including 
automotive, manufacturing and mineral processing. High pressure spray injection has been 
extensively studied experimentally and numerically, especially in automotive industry (Park et al. 
2009; Wu et al. 1984). Nasal spray is a low pressure application in pharmaceutical area which is 
relatively new and has limited literature.  
Traditionally, oral drug and drug injection are the main stream of drug delivery methods. Oral 
drug is delivered through the digestive system of human body. The gastric acid and metabolism 
in the system has potential risk to cause breakdown of drug formulation. Drug injection is a form 
of intravenous treatment which provides fast drug delivery to bloodstream. However, the pain 
associated with the injection may cause non-compliance by patient.  Nasal spray is an alternative 
option which can avoid these disadvantages. It delivers drug through nasal valve and deposits 
drug droplets onto nasal passage wall in turbinated nasal region. Thus, drug can be quickly 
diffused to the vacularised mucosa and extensive blood vessel network in nasal cavity. 
Furthermore, it also has potential of improving therapeutic efficacy in systemic health problem, 
such as cancer, lung disease and sinus infections (Kimbell et al. 2007).  
The spray droplets delivery is closely related to the design of nasal spray bottle. Cheng et al. 
(2001) has investigated four nasal spray bottles and their atomized spray droplets have different 
droplet size distribution and diverse deposition pattern in the replica of nasal cavity. This 
research and the other study by Inthavong et al. (2006) found that high delivery velocity of spray 
droplets will cause early deposition in nasal vestibule. The poor penetration of spray droplets 
will reduce drug deposition in turbinate nasal region. Hence, better understanding of atomization 
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process in nasal spray device can improve the design of spray bottle and enhance drug delivery 
efficacy.  
Currently, one of the directions of nasal spray research is deposition study of spray droplets in 
nasal cavity. Except the two studies by Cheng et al (2001) and Inthavong et al. (2006) which 
have been mentioned previously, Suman et al. (2002) also studied the deposition of radiolabeled 
nasal spray droplet in the nasal cavity of ten healthy volunteers by gamma scintigraphy. These 
studies have improved the understanding of relationship between drug delivery efficacy and drug 
delivery parameters (droplet size, spray cone angle, etc). However, the spray atomization process 
and mechanism were not investigated. Further study in the atomization mechanism can fill the 
gap between the study of delivery efficacy and drug delivery parameters.  
The other research area of nasal spray is the actuation parameters research. The nasal-pump 
action has significant effect on dose volume and spray droplet size distribution (Dayal et al. 
2004). Doughty et al. (2011) has measured and compared the characteristics of the nasal-pump 
action between adult and paediatrics.  The study has also revealed that the diverse hand force 
will lead to different dosage. According to the guidelines drafted by The U.S. Food and Drug 
Administration (FDA) (2003), it is recommended that pharmaceutical companies should perform 
spray testing by automated actuators to avoid the uncertain variation of actuation force by hand 
operations. The force controlled system is pneumatic driven and mimic the usage of nasal spray 
by trained patients and the droplet size is analysed by laser-diffraction technique. The Spraytec 
from Malvern Instruments is one of the kind which is widely used in the nasal spray research 
(Dayal et al. 2004; Kippax and Huck 2009; Kippax et al. 2004). However, the actuation 
component is expensive and only the overall droplet size can be measured. There is a motivation 
to find a lower cost replacement of the actuation system and understand the local droplet size 
distribution.     
In the past research of spray, global information of flow field and overall spray droplet size data 
can only be measured by experimental methods which required expensive equipment. With the 
advancement of computational power and numerical algorithms, computational fluid dynamics 
(CFD) technique has been applied extensively in the study of engineering applications for better 
efficiency and lower cost. Also, CFD has the capacity to obtain and present local properties of 
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both gas and liquid phase graphically. The contour of flow velocity and trajectory of individual 
spray droplet parcel can also be shown. Spray atomization involves the knowledge of breakup 
mechanism and instability theory. The highly complex nature causes it hard to be studied in 
experimental approach. CFD is a low cost and efficient tool in spray research. 
There are two main approaches in spray CFD research: Eulerian-Eulerian model and Eulerian-
Lagrangian model. The Eulerian-Eulerian model is good in showing the mixing and coupling of 
two phases, but weak in droplet size analysis. Eulerian Lagrangian model is the more effective 
approach for particle tracking. The gas phase is still solved by Eulerian equations, but particle 
motion is determined by the integration of Lagrangian equations. This approach is widely 
applied in the engine spray research, which has a high injection pressure. Primary breakup 
models and secondary breakup models are developed to simulate the atomization process of 
spray (O'Rourke and Amsden 1987; Senecal et al. 1999). These models have been validated in 
different engine researches (Chryssakis et al. 2003; Lee and Park 2002; Schmidt et al. 1999). 
However, the validation for low pressure spray is still uncommon. It is worth to expand the 
knowledge of the atomization model for low pressure applications. Also, the numerical models 
can be used as a tool for designing new nasal spray pumps.  
This research focused primarily on the study of atomization process of spray from nasal spray 
device. There are three main objectives:  
 Experimental analysis of continuous spray from nasal spray device.  
 Provides some insight to the spray droplet formation at fully developed stage.  
 Measures the external characteristics, such as spray cone angle, droplets' velocity 
to provide spatial information of the atomized spray 
 Measures the localized droplet size distribution at near-nozzle regions can help to 
determine the likelihood of inertial impaction within nasal cavity.  
 Experimental analysis of unsteady spray from nasal spray device.  
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 Designs an in-house experimental test station to manage the actuation of spray 
bottle 
 Applies image processing technique to enhance the visualization of spray 
atomization and assist the defining of spray stages (pre-stable, stable and post-
stable stages).  
 Analyses the transient external characteristics and droplet size to study the unique 
behaviour of spray formation at different atomization stages. 
  Analyses of actuation history of spray nozzle to provide a correlation between 
actuation parameters and spray atomization.  
 Simulation of atomization of continuous spray via CFD approach.  
 Modifies the numerical model for high pressure spray to suit the unique 
characteristics of low pressure spray from nasal spray device.  
 Validates the model with experimental result and predicts the trajectories of spray 
droplets.  
 Visualises the flow field and the coupling of gas phase and liquid phase. 
        
1.2 Thesis Structure 
The rationale of this thesis, the scope and structure of this thesis are explained in Chapter one. 
In Chapter two, the past experimental and numerical studies of spray are reviewed. The chapter 
begins with the review of experimental studies of spray. The experimental investigation of spray 
atomization of high pressure spray can improve the understanding of the conventional spray 
measurement techniques which can be applied in nasal spray application. It is then followed by 
the experimental study of spray deposition in nasal cavity and parametric studies of the operation 
of nasal spray device.  Numerical studies of spray atomization, spray dispersion and spray 
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deposition are also reviewed herein to support the CFD simulation of spray in this thesis. This 
literature review provides the details of knowledge which the current research is based on.   
Chapter three addresses the methodology of experimental measurements. The principles of the 
measurement techniques, such as particle image velocimetry (PIV) and particle/droplet image 
analysis (PDIA) are introduced here. The design and operation of the automated experimental 
test stations are revealed in this chapter.   
Chapter four covers the fundamental knowledge of numerical and mathematical methodology. 
Standard k-ε model, RNG k-ε model and realizable k-ε model are described and the rationale for 
the chosen turbulence model is discussed. This is followed by the description of Lagrangian 
particle tracking model. The theories and equations of spray atomization models are discussed at 
the end. 
Chapter five is the start of the main body of research.  It covers the experimental study of 
continuous spray from the nasal spray device. The external spray characteristics, near nozzle 
spray characteristics and droplet size analysis are discussed. The experimental results provided 
data for the setting of initial boundary conditions in CFD simulations of drug delivery in nasal 
cavity and the validation of numerical models. 
Chapter six extends the experimental analysis from continuous spray to unsteady spray. The 
spray stages are defined by image analysis. The external characteristics, near nozzle spray 
characteristics at different spray stages are analysed to provide details for evaluating drug 
delivery efficacy. The spray nozzle displacement history was also studied to correlate spray 
droplet size and nozzle velocity. The Droplet size distribution is also analysed for evaluating the 
drug delivery efficiacy.  
Chapter seven covers the numerical simulations of continuous spray from nasal spray device. 
The Eulerian-Lagrangian model is validated with the experimental results in chapter five. The 
theories and the impact of the coupling of gas phase and droplet phase are discussed and 
visualized. 
In chapter eight, the research outcomes from chapters five to chapter seven are summarized. 
Recommendations for further study are also suggested herein.  
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CHAPTER 2 
Background & Literature Review 
 
2.1 Spray atomization theory 
The definition of spray is the transformation of bulk liquid into small droplets. Spray can be 
formed naturally, such as waterfall mist or rain. It can also be formed artificially by nozzles and 
atomizers. Spray atomization occur when the liquid jet or sheet is disintegrated by the kinetic 
energy of the liquid itself or being exposed to the fast moving air or gas. The kinetic energy will 
be transformed to fluctuation and instability and cause the droplet formation. Since it is a 
stochastic process, a wide spectrum of droplet size will be formed as a result.  
There are many types of atomizers in the market. The plain orifice and pressure-swirl are the 
most common types. The structure of plain orifice is simple. The liquid is pushed through a 
circular orifice to form a round jet into the ambient air. Fine atomization can be achieved with a 
small orifice.  The structure of pressure swirl atomizer is a bit more complicate. The liquid will 
flow through a number of tangential holes or slots into the swirl chamber. The swirling liquid 
discharges from orifice and form a liquid sheet with a core of air. It then spreads radially to form 
a hollow conical spray. The finest atomization occurs at high injection pressure and wide spray 
angle.  Other types of atomizer have included rotary cup, internal mixing, Pre-filming and 
effervescent etc. 
2.1.1 Breakup theory of liquid sheet     
The atomization of spray from nasal spray devices is commonly formed by the pressure swirl 
atomizers, which involves the formation of liquid sheet. Fraser et al. (1953; 1962) has defined 
that there are three modes of sheet disintegration (Figure 2.1). 
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Figure 2.1 Liquid sheet breakup modes: Successive stages in the idealized breakup of (a) a sheet 
with a thick rim, (b) a wavy sheet and (c) a perforated sheet (Liu 2000) 
 
(a) Rim Disintegration. The free edge of the liquid sheet contracts into a thick rim, caused by 
surface tension forces. It then disintegrates into a free jet before forming droplets.  The 
formed droplets move in the direction of the original direction, while the remaining liquid 
sheet is attached to the deforming surface by thin threads and rapidly breakup into rows 
of droplets. The characteristics of this mode of breakup are that the formation of large 
droplets and numerous small satellite droplets will occur at the same time. This 
commonly occurs in the atomization of liquid metals that have high viscosity and high 
surface tension. 
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(b) Wave Disintegration. Surface waves are formed by the interaction of a liquid sheet and 
the ambient gas. When the wave amplitude reaches a critical value, areas of the sheet will 
be torn away before a leading edge is reached. Unstable ligaments are formed and 
disintegrate into droplets by aerodynamic forces. The process is irregular and the droplet 
size range is large.  
(c)  Perforated-Sheet Disintegration. Holes may be formed in the liquid sheet during the 
expansion of the sheet.  The holes increase in size until the rims of adjacent holes join to 
form a web of ligaments in irregular shape. They subsequently breakup into droplets with 
different sizes.   
 
The history of perforations determines the stage of growth which ligaments breakup (Liu 2000). 
If the perforations are caused by air friction, then ligaments breakup quickly; if it is caused by 
turbulence, suspended particles and particle impingement, the process will be much slower. High 
liquid viscosity decreases the instability growth rate on the liquid sheet and increases the 
wavelength of maximum growth rate. Furthermore, high viscosity and high surface tension will 
lead to higher resistance to sheet disintegration, while liquid density has minimal effect on sheet 
disintegration. 
 
Short wavelengths of disturbance on thick liquid sheets are stable, except under high velocity 
and high Weber numbers. For We>>1, Squire (1953) has formulated the optimum wavelength 
and maximum growth rate in the following forms: 
 
     
   
    
  
(2.1) 
  
  
    
 
         
 
(2.2) 
 
Where UR is the relative velocity between gas and liquid sheet and h is the thickness of liquid 
sheet.  
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Arai and Hashimoto (1985) found that the empirical correlation of sheet breakup length for 
constant  sheet thickness is: 
          
               (2.3) 
 
The breakup length decreases with increasing relative velocity between liquid and gas. Also, it 
increases with an increase in sheet velocity or a decrease in liquid viscosity. 
The lengths of conical sheets are believed to be shorter than flat sheets, since the radius of the 
curvature has a destabilizing effect on fluctuations (Lefebvre 1989).  Fraser et al. (1962) 
specified that dilational waves in a sheet can be ignored, due to the degree of instability of these 
waves is always less than that of sinuous waves.  
2.1.2 Flow in Pressure Swirl Atomizer 
Inside the nozzle, the liquid is injected through tangential or helical passages into swirl chamber 
Figure 2.2. It then emerges with tangential and axial velocity components to form a thin conical 
sheet at the orifice. The sheet will attenuate and disintegrated into ligaments and droplets.       
Although the geometry of the atomizer is simple, the hydrodynamics processes inside nozzle are 
complex. The flow behaviour can be characterized quantitatively with relationship with the 
atomizer dimensions, discharge coefficient and initial cone angle.  
Discharge Coefficient 
The discharge coefficient of swirl atomizer is low, due to the occurrence of air core. It blocks off 
a significant portion of the orifice. At low Reynolds numbers, the effect of viscosity is to 
increase the thickness of the fluid film in the final orifice and thus increase in discharge 
coefficient (Radcliffe 1955). However, for Reynolds number over 3000, the discharge coefficient 
is independent of Reynolds number. For liquid with low viscosity, the condition at low Reynolds 
number can be disregarded and assume that the discharge coefficient is constant. 
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Figure 2.2 Illustration of pressure swirl atomizer 
 
The liquid flow pattern is produced by the imposition of a spiral motion on a free vortex. The 
conservation of angular momentum is correlated with tangential velocity and radius r. 
      
  
 
  
(2.4) 
Where vi is the inlet velocity to the swirl chamber and Ds is the diameter of swirl chamber. 
   
  ̇
    
 
(2.5) 
Where Ap is the cross sectional area of the inlet port. 
By assuming that there is no loss inside the atomizer, the pressure inside is constant and equals to 
the injection pressure P. The total pressure at any point of the liquid can be given by: 
          
        
           (2.6) 
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Where p is the static pressure at any point in the liquid and u is the axial velocity in the orifice.  
At air core, the static pressure is the back pressure of the ambient atmosphere: 
           
     
   (2.7) 
Since u is constant for all values of r in the liquid annulus around the air core, ura = u  
           
      (2.8) 
The axial component of velocity in the orifice is 
  
  ̇
         
 
(2.9) 
Where Ao is the orifice Area and Aa is the air core area 
By combining Eqn. (2.4), (2.5), (2.7), (2.8), (2.9), 
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] 
(2.10) 
 
Since the mass flow rate of nozzle can be expressed in the form  
  ̇            
    (2.11) 
By substituting Eqn. (2.11) in Eqn. (2.10), 
 
  
  
 
  
  
 
 
      
 
(2.12) 
Where X = Aa/Ao, K1 = 2Ap/πroDs  
The discharge coefficient can be further derived to the form: 
   [
      
   
]
   
 
(2.13) 
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2.2 Particle Size Distributions  
Most of the inhaled pharmaceutical aerosols are polydisperse with a wide spectrum of particle 
sizes. The measurement of aerosols and the related techniques will be discussed in later sections. 
This purpose of this section is for giving information about the mathematical theory of particle 
size distributions.  
 
2.2.1 The log-normal distribution 
The log-normal distribution is commonly used for describing the particle size distribution for 
pharmaceutical aerosols. It has the form: 
     
 
 √       
   [
 (          )
 
        
]  
(2.14) 
The distribution is uniquely specified by     and     which are count median diameter (also 
called geometric mean diameter) and geometric standard deviation. They are defined as:  
      ∫          
 
 
 
(2.15) 
and 
      ∫           
       
 
 
 
(2.16) 
Where f(x) is the frequency distribution of aerosols. For monodisperse aerosols,      
 
2.2.2 Cumulative size distributions 
Sometimes, it is more convenient to define a size distribution that gives the number or fraction of 
particles that are smaller than a given size, which is called cumulative size distribution. The 
cumulative frequency F(d) gives the fraction of particles, F, having diameter less than d can be 
expressed in the form: 
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     ∫       
 
 
 
(2.17) 
For the cumulative number distribution N(d), it is given in terms of count distribution n(x) 
     ∫       
 
 
 
(2.18) 
2.2.3 Mass and Volume Distribution 
Mass distribution is another commonly used distribution function for pharmaceutical aerosols. 
The mass distribution m(x) is defined that m(x)d(x) is the mass of particles having diameters 
between m and x+dx. The normalized mass distribution mnormalized(x) is given by: 
               
    
                    
 
(2.19) 
For log-normal distribution, 
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]  
(2.20) 
Where MMD is the mass median diameter. 
The normalized volume distribution vnormalized(x) and volume distribution v(x) has similar 
definition with the normalized mass distribution and mass distribution, but in terms of volume 
instead of mass. 
vnormalized(x) can be derived from the frequency distribution f(x). If the volume of single spherical 
particle of diameter x is πx3/6, the total volume of particles is: 
∫       
 
 
 ∫     
   
 
  
 
 
 
(2.21) 
 
The normalized volume distribution for spherical particles can further simplified to Eqn. (2.22), 
details is available in Finlay (2002) 
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(2.22) 
2.2.4 Determining σg for log-normal distribution 
The geometric standard deviation can be calculated from the normalized mass distribution. 
About 34% of aerosol mass lie between MMD/σg and MMD and another 34% lie between MMD 
and MMD×σg. Since 50% of aerosol mass is contained in particles with diameters less than 
MMD, 84% of aerosol mass lies between diameters 0 and MMD×σg and 16% lies between 
diameters 0 and MMD/σg. I mathematical form, the geometric standard deviation can be written 
in the following forms. 
           (2.23) 
           (2.24) 
Where d84 and d16 are representing 84% and 16% of the aerosol mass is contained in diameters 
less than that diameter respectively. 
2.2.5 Rosin Rammler Distribution 
The Rosin Rammler distribution (R-R) was firstly developed for describing the particle 
distribution of coal powder by Rosin and Rammler (2003). It is another common distribution 
function, besides log-normal distribution. The normalized cumulative mass distribution is given 
in the following form: 
                     [  
 
 
 ]
 
 
(2.25) 
where D is the size parameter and q is the spread parameter 
The disadvantage of Rosin Rammler and log-normal distributions is that there is a lack of an 
upper and lower limit on particle size. It is unrealistic, since each aerosol delivery device should 
have its limitation and generate particles or droplets in certain range of size. The modified form 
of normalized cumulative distribution function by Rizk and Lefebvre (1998) is shown as follow: 
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(2.26) 
However, this modified R-R distribution is not widely used, because many inhaled 
pharmaceutical aerosol distributions are reasonably well estimated by the log-normal distribution 
and the log-normal distribution has long history is well validated in literature (Finlay 2002). 
2.2.6 Summary of mean and median aerosol sizes 
The mean and median diameters of aerosols can be determined based on the count distribution 
n(x), frequency distribution f(x), mass distribution m(x), normalized mass distribution 
              , cumulative mass distribution M(x), normalized cumulative mass distribution 
              , normalized volume distribution               , and cumulative volume 
distribution V(x).  They can be expressed in the following forms:  
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(2.29) 
The volume mean diameter equals to mass mean diameter if the aerosols has the same density  
The geometric mean diameter is defined as 
     ∫          
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(2.30) 
Assuming the aerosols are spherical in shape,  
16 
 
                                 (∫         
 
 
)
   
 
(2.31) 
 
                    
∫         
 
 
∫         
 
 
 
(2.32) 
 
                    
∫         
 
 
∫         
 
 
 
∑    
 
∑    
  
(2.33) 
 
The Sauter Mean diameter is often used to characterized spray and atomization which obey the 
Simmons’ universal root normal distribution. The empirical form can be expressed as 
MMD/SMD = 1.2.  
For log-normal distribution of spherical particles with identical density, the following equations 
are valid (Finlay 2002): 
                                               (2.34) 
                                  
   (2.35) 
                                
   (2.36) 
                                                     
   (2.37) 
                                                       
   (2.38) 
                        
   (2.39) 
                                                        
   (2.40) 
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2.3 Experimental and theoretical study of spray 
Extensive studies of spray breakup and spray droplet formation have been performed for more 
than a century. One of the early analysis was that of Lord Rayleigh (1878). He investigated the 
instability of fluid jets. This work presented the capillary force acting on liquid cylinder was 
presented in mathematical form and is the basis for other theoretical research and numerical 
models. With the advancement of measurement technique, experiments were performed to 
validate and refine these theories by other researchers in later years.  
2.3.1 Studies of Spray Atomization  
Early studies of spray atomization were mainly applied in industrial application for fluid delivery. 
The atomizers are relatively large in size and require high injection pressures. Hiroyasu and 
Kadota (1974) determined the spray droplet size in a diesel engine in a high pressure and high 
room temperature environment. Droplet size was measured by liquid immersion technique which 
requires the delivery of spray to an immiscible liquid. The number of droplets and its size was 
then counted manually. This was a time consuming method for spray analysis.   
A series of investigations by the research group of Dombrowski (1960) investigated the liquid 
flow mechanism inside fan spray nozzles. The measured liquid velocity was determined by 
taking two microsecond flash photographs in a short and known interval of time and light 
interference technique was applied for the measurement to obtain the liquid sheet thickness. The 
correlation of the mass flow rate, surface tension, liquid sheet thickness and angle of liquid sheet 
were revealed as the outcome in this study.   
Nevertheless, the mechanism of liquid sheet atomization and droplet size were still not yet 
described. The aerodynamic instability of a liquid sheet was investigated later by Dombrowski 
and Hooper (1962). The mechanism of sheet disintegration and its external characteristics at 
various ambient air densities and liquid pressure were recorded by high speed camera (Figure 
2.3). 
The droplet size formed by the disintegration of liquid sheet was determined by analyzing the 
negatives taken by high speed camera which require graph tracing manually. The droplet size 
was then derived empirically in another study after (Dombrowski and Johns 1963). This work 
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was based on wave analysis by Hagerty and Shea (1955), but include the diminishing of sheet 
thickness along the injection direction and has comparison with experimental values.  However, 
this work was still inadequate to describe the complete breakup mechanism, until it was further 
expanded and modified by including the effect of viscosity by Li and Tankin (1991). These 
works are the foundation of the linear instability of sheet atomization model by Senecal et 
al.(1999).   
 
 
Figure 2.3 Disintegration of liquid sheet at various ambient air density and liquid pressure. 
(Dombrowski and Hooper 1962) 
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Reitz (1978) experimentally studied the atomization process and breakup regime of liquid jet 
from atomizers with different design. The work mainly focused on the jet breakup mechanisms 
and is limited to spray emitted from pressure atomizers with a plain orifice. The jet atomization 
of fourteen nozzles with various length to diameter ratios with sharp and rounded inlets were 
examined with the application of a high speed camera. The external characteristics of spray, such 
as cone angle and plume dimension were determined. The research concluded that the 
aerodynamic effects, turbulence inside the nozzle, injection pressure, and cavitation inside are 
closely related to spray atomization.  
With the advancement of technology, more measurement techniques were developed. Wu et al. 
(1984) applied laser Doppler velocimetry (LDV) to measure spray droplet velocity of n-hexane 
injected from single hole cylindrical nozzles. The LDV system included an argon-ion laser with 
dual beam LDV optics. The study suggested that the measured data at the outer edge of the spray 
jet has a higher level of error. 
The penetration and cone angle of ethanol-gasoline blend spray injected from a swirl-type 
atomizer was investigated by Gao et al.(2007). High speed schlieren photography technique was 
used to capture the spray external characteristics inside a controlled chamber. The technique can 
produce quality pictures for temporal and spatial development of a spray plume.  
Park et al. (2009) has investigated the spray atomization characteristics of biodiesel fuel in a 
diesel engine. Nd:YAG laser was used as the light source in the visualization system and high 
resolution photos were captured by  an ICCD camera (Figure 2.4). Droplet size and velocity 
were obtained by analysing spray images. Droplet measurement was accomplished by phase 
Doppler particle analyzer (PDPA). When the spray droplet passed through the measured volume 
of fringe created by the laser beam, the detected phase difference and Doppler signal frequency 
were detected by the receiver and converted to droplet size. 
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Figure 2.4 Visualization and droplet measurement system (Park et al. 2009) 
 
Kushari and Karnawat (2008) examined the spray development of spray emitted from an 
internally mixed-fluid swirl atomizer. The light source for spray image capture was a 25mW He-
Ne laser source. The photos were for the analysis of spray external characteristics. The Insitec 
sizer system from Malvern Instrument was used for spray droplet size measurement. This system 
is widely used for spray measurement in industry.  
A comprehensive review of atomizer types and their applications has been performed by 
Lefebvre (1989). The structure of different types of atomizers including pressure swirl atomizer 
were described. The Correlation for the spray droplet size from atomizers is presented in 
mathematical form which relates with orifice size, operation condition and fluid properties. The 
atomization process was presented schematically and mathematically which gives a good 
fundamental knowledge of the design of atomizer and mechanism of atomization.  
In summary, measurement techniques for internal and external spray characteristics have been 
developed for many years and can successfully analyse the spray droplet size and capture the 
spray atomization process. These techniques can be applied in the experimental measurement of 
nasal spray devices which is operational in a low pressure application. A high speed camera can 
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capture the spray plume development and external characteristics. Laser diffraction measurement 
can be applied to obtain spray droplet size. Literature regarding the design and mechanism of 
atomizers are available to provide data for numerical modelling.  
2.3.2 Deposition Studies of Spray Droplets in a Nasal Cavity 
The Nasal cavity is part of the human respiratory system. The function of it is to heating and 
humidifying the inspired air to near body temperature. The hair in nasal vestibule can filter out 
dust and particulates from air flow. The Nasal valve is posterior to nasal vestibule (Figure 2.5) 
and its cross-section area is 40 mm
2
 and increases to 150 mm
2 
in the nasal cavity.  It is bounded 
laterally by the caudal end of the upper lateral cartilage, medially by the septum and inferiorly by 
the lower rim of the pyriform aperture (Sahin-Yilmaz and Naclerio 2011). The shape of nasal 
valve is like a narrow slit and will shrink under high flow rate (Proctor 1982). However, the 
dimensions of the nasal cavity are constant during quiet breathing (low flow rate). Human 
normally have three paired turbinate: inferior, middle and superior. The inferior turbinate has an 
significant role in the defence of lung and the physiology of nose (Sahin-Yilmaz and Naclerio 
2011). The turbinate region is covered by mucosal layers which contain nerves, blood vessels 
and nasal glands. Nasal drug can been absorbed by the extensive bloodstream network located in 
this region.    
 
 
Nasal sprays have been developed for a few decades and it is proven to be reliable for drug 
delivery treating nasal congestion. Various studies in both in-vivo and in-vitro approach have 
experimentally investigated the performance of nasal spray devices to reveal spray delivery 
parameters.   
Drug deposition study is an increasing trend of contemporary nasal spray research which 
evaluates the drug delivery efficiency of nasal spray. The nasal airway is a filtration system for 
respiratory tract. There are many curved wall and narrow channels inside the nasal cavity which 
can block foreign objects from entering the lungs (Figure 2.5), this also makes it difficult for the 
spray droplets to reach the turbinate region for drug absorption.  Droplet size, droplet velocity 
and spray plume shape are the critical factors of drug delivery. Investigating the correlation 
between these factors with deposition pattern can improve the design of nasal spray device.  
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Figure 2.5 Nasal cavity anatomy (adapted from Gray's anatomy of the human body, originally 
published in 1918) 
 
Cheng et al. (2001)  rebuilt a nasal cavity cast replica from a magnetic resonance imaging scan of 
an adult human male for studying the spray deposition mechanism. Spray droplets with sizes 
ranging from 1 to 9 microns were generated from an aerosol generator and were allowed to pass 
through the nasal airway replica model under a constant inspiratory flow rate. The results 
showed a match with a in vivo human deposition data reported in literature and is reproducible. 
The main deposition regions were anterior and turbinate regions of the nasal cavity with little 
amount of spray droplets found beyond the nasopharynx region.  
Swift (1991) investigated the particle deposition in a replica of nose of an adult and an infant 
over a range of particle sizes of 1-4μm with air flow rate of 7-50 L/min. The result showed that 
the deposition for adult is lower than the infant under the same flow rate, but was similar in 
efficiency for the same states of rest or exercise breathing.  
Another in vivo study was that performed by Suman et al. (2002) .  Ten healthy volunteers were 
allowed to inhale the radiolabeled (
99m
technetium) saline emitted from two different nasal spray 
devices. The deposition pattern inside nasal cavities was determined by gamma scintigraphy. In 
23 
 
this study, the result revealed that the two different nasal spray plume did not lead to significant 
statistically difference in deposition pattern. Kelly et al. (2004) have also performed a similar 
study which involved the application of nasal airway replica. The result suggested that nasal 
spray droplets should have size over 10 microns to prevent drug from entering the lung. 
In summary, not all the spray droplets emitted from a nasal spray device can successfully deposit 
onto the turbinate region of nasal cavity. Droplet size, spray plume shape and droplet velocity are 
critical factors of deposition. By controlling these spray characteristics, drug delivery efficacy 
can be improved.    
2.3.3 Parametric Studies of the Operation of Nasal Spray Device and In vitro Study of 
Spray Characteristics  
The operation parameters of nasal spray device are closely related to drug delivery performance 
and this varies between patients. By investigating the operating characteristics of different 
patient groups, the design of a nasal spray pump can be customized for better drug delivery 
efficiency.  
Patients from different age groups exhibit significant differences in hand operation 
characteristics. Even patients that belong to the same group, there is minor variations in hand 
force and velocity. Doughty et al. (2011) have performed the first quantitative study of the 
differences in hand actuation between adults and children. In their study, the force and 
displacement history of the hand motion of paediatric and adult patients were monitored during 
actuation of a nasal spray bottle. It was concluded that paediatric patients produce lower 
actuation force and longer actuations. Also, the spray weight generated from nasal spray device 
is significantly lower than that provided by adult patients. The results provide a detailed 
reference for tuning the automated testing station for different patient groups. 
According to the FDA draft guidance (2003),  it is recommended that automated testing station 
should be used for in vitro test of nasal spray aerosols to minimise the variability of hand  motion 
and to improve reproducibility. Kippax (2004) evaluated the effectiveness of manual and 
automated actuation and the impact of actuation parameters on spray droplet size distribution. 
The result confirmed that automated actuation can reduce variability in quantitative result.  
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Another parametric study was performed by Guo and Doub (2006). They investigated the effect 
of actuation parameters (actuation time history, stroke length) on spray characteristics by 
utilising an automated actuation system and optical measurement system from Malvern 
Instruments. The results revealed that stroke length and actuation velocity have significant 
influence on spray droplet size and spray cone angle. The spray external characteristics are 
sensitive to the actuation velocity.  
Dayal et al. (2004) measured the droplet size distribution by a laser diffraction system from 
Malvern Instruments. The spray pattern was monitored by a chromatography technique which 
involves the analysis of a fluorescent spray emitted from a nasal spray device collected at 
different locations downstream. The study concluded that droplet size decreases with the 
penetration distance and stronger actuation force. Also, high viscosity of emitted liquid will 
reduce the spray plume area. 
Liu et al.(2010) investigated the combination of aerosol velocity and droplet size distribution of 
three nasal spray pumps using phase Doppler anemometry (PDA). The measurements were 
performed across a horizontal plane in the spray plume which showed that the droplet velocities 
along the central axis of nozzle is higher and more consistent than those close to the spray plume 
edge.    
In summary, the actuation of nasal spray bottle in experimental studies should be performed by 
an automated testing station which has been proven to be reproducible and have good 
consistency in performance. It has been shown that differences in patient groups produce 
dissimilar hand operation characteristics. Therefore an automated actuation device should be 
adjusted to show the unique characteristics (stroke length, actuation velocity) of hand operation 
of the chosen patient group.          
2.4 Numerical Studies of Spray Atomization 
Computational fluid dynamics (CFD) research has been developed for many years to produce 
simulations of spray atomization. However, it has not been widely applied in the past, due to the 
requirement of computational power. This is no longer the case, because of the reduced cost of 
computer hardware and development of calculation algorithms.  
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2.4.1 Numerical Studies of High Pressure Spray Atomization 
Engine spray application is one of the areas which commonly apply CFD to simulate spray 
atomization, because of the relatively low testing cost. Furthermore, the numerical solution can 
provide valuable details of flow characteristics and droplet size distribution which is hard to be 
measured by experiment. 
The main objective of such studies was the dispersion pattern of spray, thus most of these 
numerical simulations were in the Eulerian-Lagrangian approach, which is considered to be more 
effective (Zhang and Chen 2007).  Huh and Lee (1998) simulated spray atomization of diesel 
spray from a plain orifice injector. The study incorporated both primary and secondary breakup 
models which are the surface wave instability model and Taylor analogy breakup model (TAB) 
respectively. The numerical results showed a good agreement with experimental measurement in 
terms of spray cone angle, spray tip penetration and droplet size distribution. 
Schmidt et al. (1999) performed a numerical study to model the atomization of spray from 
pressure-swirl atomizers. Linearized Instability Sheet Atomization (LISA) model proposed by 
Senecal et al. (1999) was employed to simulate the droplet formation from a disintegrated liquid 
sheet. This model is the only numerical model developed specifically for a pressure-swirl 
atomizer. The model was validated with experimental data which showed good result in spray 
penetration, droplet size distribution and spray plume shape (Figure 2.6). 
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Figure 2.6 Validation of numerical result, in terms of spray penetration, droplet size development 
and spray plume shape (Schmidt et al. 1999) 
  
Arcoumanis and Gavaises (1999) also modelled the spray atomization of a pressure-swirl 
atomizer in a GDI engine by applying the same numerical model. However, the parameters 
(spray cone angle, liquid film thickness, and injection velocity, etc) in the model were not 
calculated through mathematical formulae. The authors obtained the values by employing VOF 
methodology to simulate the liquid-gas interface formation inside the spray nozzle and the 
swirling motion of liquid sheet close to the orifice region (Figure 2.7). The numerical solution 
was more specific to the given type of atomizer and avoided generalization.  
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Figure 2.7 Liquid flow development inside swirl chamber and at close to orifice region of  pressure 
swirl atomizer under 50 bar injection pressure. (Arcoumanis and M. 1999) 
 
A hollow cone spray study was performed by Han et al. (1997). In this study, liquid “blobs” with 
sizes equal to the liquid sheet formed, were injected. The droplet underwent secondary breakup 
to form finer droplets and was simulated by the Taylor analogy breakup (TAB) model. This 
approach involved the estimation of an air core region, in order to calculate the liquid sheet 
thickness. The model is simpler than the LISA model, as the calculation of wave instability of 
liquid sheet is ignored.  
In summary, numerical simulations widely applied in the study of spray atomization under high 
injection pressure can be found in the literature. The numerical results of these studies showed a 
good agreement with experimental data. The spray droplet size can be calculated by the 
application of wave instability theory and other derived mathematical formulae. The coupling of 
spray droplet phase and gas phase and turbulence effect is well described by numerical models. 
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The LISA model was developed to simulate the spray atomization of pressure swirl atomizer. 
The model can be applied on nasal spray device which is also using pressure swirl atomizer. 
2.4.2 Numerical Studies of Low Pressure Spray and Aerosols 
CFD can also be applied in the studies of low pressure spray, however, it is not as common as 
high pressure spray injection. Furthermore, spray breakup model were not included in these 
simulations.  
Fogliati et al. (2006) have simulated the spraying process of a paint gun in the automotive 
industry. The calculations of flow of the gas phase are based on the RNG or Realizable k-ε 
turbulence model. The Eulerian-Lagrangian approach is used in this study, thus the trajectory of 
each droplets can be traced. The initial conditions for the droplets are determined from an 
simulation of the paint jet at the exit of the nozzle in the same study. The study revealed that the 
RNG k-ε turbulence model showed better prediction of spray velocity decay, while the 
Realizable k-ε turbulence model had better accuracy in spray plume shape prediction. 
Luca et al. (2009) simulated atomization of pesticides from a hollow cone nozzle. The study was 
performed in Eulerian-Eulerian approach which included a detailed geometry of the spray nozzle 
using the Reynolds Stress turbulence model. The liquid flow inside and outside the nozzle was 
calculated to reveal the swirling motion. The liquid dispersion and mean droplet size both have 
good agreement with experimental data. 
 
An investigation of impinging gasoline low pressure spray was performed by De Vita et al. 
(2001).  The purpose of this study was to simulate the wall film formation by the spray on the 
inlet duct and the combustion chamber of gasoline engine. Spray droplets were directly injected 
to the numerical domain without including a spray atomization model. Droplets impinging on the 
wall did not bounce off and became part of the liquid film. The calculated spray film thickness 
and radial growth rate showed good agreement with experimental values.  
 
Longest et al. (2007) compared the experimental measurements and numerical simulations of 
aerosols deposition in a sectioned induction port model. Lagrangian particle tracking algorithm 
with corrections for near wall anisotropic turbulence was applied to model the effects of 
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turbulent dispersion and evaporation on the aerosols as shown in Figure 2.8. The result has 
indicated good agreements and the numerical model can be applied to optimize the capillary 
aerosol generation process and improve the delivery of aerosols to lung. 
 
 
Figure 2.8 Sectioned deposition results of a transient polydisperse aerosol released over 2 s from the 
capillary tip for (a) non-evaporating particles, and (b) evaporating droplets. The reported CFD 
mass fractions are based on the original mass of drug estimated to be in the droplets. (Longest et al. 
2007) 
 
 Longest and Hindle (2010) has investigated the enhanced condensational growth (ECG) for 
respiratory drug delivery. In the numerical simulations, the effects of condensation and droplet 
growth on water vapour concentrations and temperatures in the gas phase are considered. The 
authors concluded that ECG can effectively minimize the mouth-throat deposition and achieve 
better drug delivery efficacy. 
   
In summary, studies of low pressure spray are less common than the high pressure sprays studies 
in the literature. None of the studies cited included an atomization model in the simulations. The 
Eulerian-Eulerian approach can be applied to studies involving the analysis of flow inside an 
atomizer and the flow behaviour at close to nozzle region. The Eulerian-Lagrangian approach is 
normally applied to the studies focused on the spray droplet dispersion. For Eulerian-Lagrangian 
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approach, spray droplet parcels are injected to the numerical domain and the coupling of droplet 
phase and gas phase are calculated by momentum equations. Turbulence models are applied to 
simulate the turbulent effect caused by the flow induced by the droplet phase or cross flow. 
Some research studies focused on the delivery of aerosols from respiratory drug delivery devices 
are incorporated with mass and heat exchange models (two-way coupling). The two-way 
coupling has significant effect in aerosol delivery. 
 
2.4.3 Numerical Studies of Aerosol Deposition in Human Airway 
The majority of aerosol analysis related to nasal spray device or inhalers are deposition studies. 
Numerical models have been applied extensively in this area to predict the deposition pattern in a 
nasal cavity which is hard to be measured by experimental methods. 
A CFD study of nasal spray aerosols was performed by Inthavong et al (2006). Monodisperse 
spray droplets were released from a circular source, rather than a source point to simulate the 
formation of spray droplets from the breakup of a liquid sheet. The results revealed that the swirl 
fraction of the velocity vector of spray droplets will affect the deposition pattern. Large droplets 
have a trend to deposit on nasal vestibule, rather than entering the turbinate region, due to inertia. 
The location of release points also has impact on the drug delivery.    
Kimbell et al. (2007) analysed and quantified the impact of the nasal valve on spray droplet 
deposition. The results showed a similar trend to that by Inthavong et al. (2006). Additionally, 
they found that better penetration of spray droplets can be achieved at lower initial spray velocity. 
Among the numerical cases simulated, it concludes that the best nasal valve penetration occurred 
when particle size was 20 microns, spray velocity was 1 m/s and spray half cone angle was 39.5°. 
By applying more realistic droplet initial conditions, it will improve the accuracy of virtual drug 
delivery predictions and the downstream behaviour of droplet trajectory. Some studies of 
metered-dose-inhalers (MDIs) and dry powder inhalers (DPIs) have applied experimental 
measurements to determine droplet size distributions after breakup and used as the initial 
conditions for spray atomization simulations. Longest et al. (2009) investigated the plume 
characteristics of aerosols from the Respimat soft mist inhaler (Figure 2.9) and deposition of the 
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aerosols in a mouth-throat geometry. Respimat soft mist inhaler can generate aerosols with low 
velocity and small droplet size which have similar delivery characteristics with a nasal spray 
device. Two-way momentum coupling was applied to calculate the momentum exchange 
between particle phase and gas phase. Mass and heat coupling were neglected in this study. Low 
Reynolds number k-ω turbulence model was employed, as the flows are transitional and 
turbulent in oral airway. The numerical result had good agreement with experimental 
measurement.  
 
Figure 2.9 Plume characteristics of aerosols from the respimat soft mist inhaler with two-way 
momentum coupling (Longest and Hindle 2009) 
 
Longest et al. (2012) also investigated the deposition characteristics of metered dose inhaler 
(MDI) and dry powder inhaler (DPI) in the mouth-throat and tracheobronchial airways. 
Monodisperse particles were released in the airway model in steady state flow field. The initial 
conditions of spray droplets after breakup were determined by experimental measurement. 
Largragian particle tracking model was used to trace the particles’ trajectories. Brownian motion 
was also included, due to the small size of aerosol particles. 
In summary, numerical studies have been employed to study the delivery and deposition of 
aerosols generated by nasal spray devices or other medical inhalers. Spray atomization models 
were not applied in these studies and the initial conditions of aerosol particles were determined 
from literature or experimental measurement. These studies provide an insight to the momentum 
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coupling scheme between particle phase and gas phase and the choices of turbulence model. 
They provide a good reference of simulating aerosol dispersion and mixing with ambient 
environment.       
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CHAPTER 3 
Experimental Methodology and Analysis 
Techniques 
 
3.1 Experimental Methodology 
 
3.1.1Particle Image Velocimetry (PIV) 
Particle image velocimetry (PIV) is an optical method for flow visualization. It provides 
instantaneous velocity vector measurement in a cross-section of a flow and the 2 dimensional 
velocity vectors are defined by laser sheet. It has gained significant popularity in the past decade 
and is a powerful tool for studying fluid mechanics. It provides a promising mean of studying 
turbulent flow. 
The principle of PIV is to illuminate the desired fluid field with double pulsed laser light sheet 
which is shaped into thin light sheet by a set of spherical and cylindrical lenses. The 
magnification factor of the camera can be expressed as  
  
  
  
 
 
    
 
   (3.1) 
where Z0 is the distance between the object and lens plane and z0 is the distance between the lens 
and image, f is the focal length of the lens of camera. 
The light scattered from particles seeded into the fluid will be captured by high speed camera at 
two separate times, t and Δt (Figure 3.1). The seeded particles must have excellent contrast to the 
background for effective flow tracing. Since the displacement of the particles can be measured 
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from the images (Δx) and the time between the two images is known, the local velocity of flow 
field can be determined. 
  
  
  
 
 
  
∫     
  
   
   (3.2) 
Where V(t)is the velocity of particle ensemble. The measured velocity is the temporal and spatial 
average of the particle ensemble in the recording domain. 
 
Figure 3.1Typical single-camera system of Particle Image Velocimetry (Dantec Dynamics Inc.) 
Due to the high speed of shutter and the high intensity of laser source, the location of spray 
droplets can be accurately located in a short period of time. Hence, the displacement of droplets 
can be measured within a small volume. 
Alternatively, image acquisition can be performed when the shutter of camera is opened for an 
extended period of time to collect the light scattered from particles and the timing of 
photographing is managed by controlling the pulsing of light source. 
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The use of double-pulsed solid-state lasers, Nd:Yag as the illuminated source is now the main 
trend in the PIV application, because of its compact size , dual oscillator package with self-
contained cooling supplies. High-speed digital CCD (Charged Coupled Device) camera is 
commonly used to capture images for analysis The camera is usually incorporate with a cooling 
unit to improve the effectiveness of each pixel to achieve higher signal-to-noise ratio of images 
and better resolution (Adrian 2005). 
Buchmann (2010) has provided a brief description of diffraction limited imaging in PIV 
recording. He stated that the size of particle images is limited by lens diffraction. It results in a 
Fraunhofer diffraction pattern. The function is described by the square of the first order Bessel 
function and represents the impulse response of the optical system. For infinitely small particles, 
the point spread function is commonly approximated with a normalised Gausian distribution.   
The diffraction limited minimum diameter of particles can be defined by: 
               
 
  
  
   (3.3) 
where M is magnification factor, 2α is the lens aperture and λ is the wavelength of the laser 
scattered light. 
The capability of the imaging system to produce focused particles can be expressed by the depth-
of-field which is a measure the depth of the filming region.  
    
   
  
        
   (3.4) 
Large aperture (small   ) is required to reduce the diffraction limited diameter and record 
sufficient light from particles. 
The equations above are only valid for single, ideal lens. They are only for rough estimations for 
the performance of the PIV.  Fine measurements for each individual optical component of PIV 
have to be done if the performance of PIV is required to be accurately predicted.   
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3.1.2 Particle/Droplet Image Analysis (PDIA) 
PDIA is a technique which enables the sizing of spray droplets or particles in micron scale. In 
this technique, spray images are taken with digital camera and the Nd:Yag laser was used as an 
illuminated source (Figure 3.2). The digital images are processed to distinguish between particles 
and illuminated background. Each pixel of the image is assigned a "grey level" value ranged 
from 0 (black) to 255 (white) and measured by a threshold segmentation algorithm (Whybrew et 
al. 1999; Yule et al. 1978).If the value of a pixel is higher than the designated threshold, it will 
be considered to be part of a particle. 
 
Figure 3.2 A typical setup of PDIA 
 
Since the background may not reach fully white level, the threshold level must be set slightly 
below the minimum background level for good accuracy. For circular particle, the diameter is 
simple and straightforward. For noncircular shape, the particle size can be calculated in different 
ways, which involves the determination of pixel area and pixel diameter (VisiSize Solo Software 
Operation Manual  2003) (Figure 3.3).  
Equivalent circular area:     √
  
 
 
Equivalent circular perimeter:    
 
 
 
Digital Camera 
Nd: Yag laser 
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Equivalent area/perimeter ratio:
  
  
 √
   
  
 
Heywood diameter:    (smallest circle enclosing the particle) 
Where A is pixel area, P is pixel perimeter and C is the microns/pixel calibration 
Da is commonly used to describe the particle size for most of the cases. 
 
 
Figure 3.3 Definition of terms involved in the calculation of particle size (VisiSize Solo Software 
Operation Manual  2003) 
 
The estimation also incorporates with a correction with the out-of-focus effect which will cause 
up to 30% increase in size. There are two thresholds for the measurement of particles which are 
out-of-focus. One is for the measurement of the dark core area and the other is for the gray out-
of-focus border area. Since the location of the plane of best focus is known, the actual size of 
particles can be deduced from the internal algorithms. For those particles which are far from the 
focus region, they will be rejected by the system automatically. Also, the diameter of particles 
touching the edges of images will be adjusted to reveal the real size. 
The accuracy of PDIA for small spherical particles is dependent on the effect of diffraction, 
defocus and optical resolution. Spherical objects with small size easily have blurred edges 
(shadow edges), since the digital images are captured through a system of lenses.  The 
experimental calibration data of the system available in the system has quantified and account for 
the effect on shadow droplet properties. Thus it allow diameter corrections of defocused droplet 
based on the intensity gradient across the droplet image. The details of other calibrations, such as 
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depth of field calibration for specific lens and correction for the measurement bias toward large 
droplet are given in Kashdan et al. (2003). 
3.1.3 High Speed Camera Visualization System 
High speed camera visualization system is a system which is capable to record the motion of fast 
moving objects and play back in slow motion under a powerful light source (Figure 3.4). Series 
of photographs are taken at high sampling frequency which requires sensitive CMOS sensors and 
good shutter system. It is useful in analysing spray external characteristics, such as the spray 
plume development and the movement of some large spray droplets. Because of the high frame 
rate, the exposure time of each frame must be short. High power Tungsten light is an ideal source 
of illumination. 
 
Figure 3.4  High speed camera (Left), High power Tungsten Light (Right) 
 
The actuation station was placed between a high speed camera and a powerful ARRI 1000W 
Tungsten light spotlight to produce a shadowgraph images. An additional spotlight was used to 
enhance illumination and allowed shorter exposure times. Spray images were captured by 
Phantom V210 digital high-speed camera with 1280 × 800 CMOS sensor. The frame rate and 
exposure time were 2200 per second (i.e. 0.4545ms) and 6μs respectively. Photo images of the 
spray bottle motion (during pressing, holding and releasing) and the development of spray plume 
were captured. Up to 10 sets of images were captured for each different actuation pressure (2.05 
bar, 2.45 bar, 2.65 bar). However, some sets of images were rejected where noticeable spray 
variations occurred due to the errors caused by handling, timing, and system setup problems. The 
high speed filming is performed before and after 200 actuations to compare the external spray 
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characteristics, in order to ensure consistency and repeatability. The displacement of the spray 
bottle and the pneumatic actuator and the actual spray atomization were recorded individually. 
Hence, the time history of nozzle displacement and velocity was then able to compare with the 
development of spray plume during image acquisition. 
Table 3.1 Specification of high speed camera 
Manufacturer Vision Research 
Maximum Resolution 1280×800 
Number of Pixel 1,024,000 
Max FPS at Max. Resolution 2190 
Max FPS 300,000 
Pixel Bit Depth 8- and 12-bits 
Pixel Size 20µm 
Active Sensors Dimensions 25.6mm×16mm 
Sensor ISO (122232) 7000 monochrome, 2100 colour 
Minimum Exposure time 2µs 
Shutter Type Electronic global 
Ethernet Connectivity Gigabit Ethernet (1000BASE-T) 
Resolution-FPS 1280×800 – 2,190 
1280×720 – 2,430 
512×512 – 7,810 
256×256 – 28,500 
128×128 – 76,100 
 
The captured images (approximately 3000 images per actuation) are analysed using in-house 
code developed within MATLAB to obtain the spray width. The photos were converted to binary 
image and the Canny edge detection (Canny 1986) algorithm is used to calculate the boundary of 
the spray cone. The boundary was defined at the greatest gradient of change of the intensity of 
pixels, where the boundary has a non-zero pixel value and the background has a zero pixel value 
(black). By counting the number of pixels with zero value between the two edges of spray cone, 
spray width can be calculated for analysis. This same process has been reported by the authors 
earlier in Inthavong et al. (2012) 
The high speed camera used for the filming of spray propagation is a Phantom V210 camera. 
The specification of the camera is shown in Table 3.1. 
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3.1.4 Light Source for PDIA and PIV 
For PIV or PDIA, pulsed laser is a standard method for illumination. Laser is a good source of 
light with high intensity and monochromatic. By the application of spherical and cylindrical 
lenses, laser beam can be diffracted into a light sheet for the illumination of the target area. The 
pulsed laser should have short pulse duration to avoid the capturing of blur images of fast 
moving particles. Generally, double pulsed lasers are used for PIV, as the images are recorded in 
pairs with short interval time.  
Dual cavity solid state Nd:YAG lasers is widely used for illumination. They are optically 
pumped using flash-lamp or laser diode and able to emit light with wavelength 1064nm in the 
infrared.  Pulsed lasers are usually operated in the Q switching mode with an optical switch 
inserted into the laser cavity (Buchmann 2010). By adjusting the delay time between the flash-
lamp and the relaxation of the neodymium ions via the Q-switch, the pulse energy can be 
controlled. The acquisition of spray images requires the synchronization of the laser and camera. 
The lasers are operated in Q-switch mode, whereby the Q-switch delays and flash lamps are 
triggered by external Transistor-Transistor Logic (TTL) signals via a 4 channel delay generator.  
3.1.5 Automated Mechanical Actuation System 
The Schematic of the automated mechanical actuation system is shown in   
Figure 3.5. The nasal spray bottle is fixed on a platform to avoid the lateral motion during 
actuation. The pneumatic actuator (model: SMC-CXSL10-10; ADI, Inc., Hatfield, Pennsylvania) 
is located under the bottle and is connected to a two-way solenoid valve which is controlled by a 
programmable logic control (PLC) unit (model: Allen Bradley 1760-L12BWB). The spray bottle 
moves up and down with the platform during actuation, while the spray nozzle is kept at a 
constant position for image acquisition by visualization system. The actuation force is controlled 
by the back pressure which is sourced from a pressure main. 
Speed controllers (model: SMC-AS2002F-06; Allied Electronics, Inc., Fort Worth, Texas) are 
installed on the two pressure lines to control the flow rate of compressed air between the 
Solenoid and actuator. Hence, the actuation speed of pressing and releasing of nasal spray bottle 
is manageable. The PLC unit consists of mechanical switches, timer and counters. Thus, the 
41 
 
timing and the number of the on and off of solenoids, can be controlled by the build-in programs 
which are editable. Furthermore, PLC has a role of communicating with the PDIA and PIV 
system. The mechanical signal emitted from the PLC unit is converted to digital signal by 
Schmitt trigger and is sent to PDIA/PIV to trigger the digital camera for image acquisition. 
 
For High Speed Filming 
Figure 3.6 has shown the schematic of the experimental setup. The back pressure is supplied by 
the pressure mains through plastic tubing and is adjustable by a pressure regulator. In the 
experiment, the pressure was set as 2.05, 2.45 and 2.65 bar, which 2.05 bar and 2.65 bar are 
mimicking the hand operation of paediatric and adult patients respectively.  
  
Figure 3.5 Schematic of automated actuation system 
 
For PDIA Measurements 
The in-house automated actuation system used for PDIA measurements (Figure 3.7) is adopted 
from Fung et al. (2013) and is similar to that for high speed filming. The main difference is that 
the automated actuation system is placed on the transverse unit, so it can maneuver upwards and 
downwards to the desired location for droplet size measurement. Also, the SensiCam was used 
for capturing the spray images and Nd:Yag laser has replaced the Tungsten light as the light 
source.  
 
42 
 
 
Figure 3.6. Schematic of the experimental setup showing the automated actuation system and the 
visualization system. 
 
Figure 3.7 Schematic of experimental setup to capture spray atomization and DSD 
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3.2 Image processing methods 
The definition of spray atomization stages can be defined by the temporal development of spray 
cone width. The spray cone width was measured from the photos captured by high speed camera 
or PDIA. Sobel method and Canny method are the two numerical algorithms which are capable 
to trace the edge of spray cone and thus the spray cone width can be obtained from the distance 
between the two edges. 
3.2.1 Sobel method 
The algorithm was developed by Sobel (1978). It is a derivative based edge detection algorithm 
which is able to calculate the boundary of the spray cone by implements convolution with Sobel 
kernels. The edge of subject was determined by determining the greatest gradient of change of 
the intensity of pixels. It gives the direction of the change of colour and the rate of change in that 
direction.  
The Sobel edge detector uses a pair of 3 × 3 convolution masks. Gx and Gy. They estimates the 
gradient in x and y direction respectively. 
Gx = [
      
   
   
] 
(3.5) 
Gy = [
    
     
     
] 
(3.6) 
The kernel is applied onto the centre pixel in a neighbourhood. 
 
a1 a2 a3 
a4  a5 
a6 a7 a8 
Figure 3.8 Image neighbourhood 
 
From the calculation of matrix, it will give: 
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If      , where Tr is the specified threshold; the pixel will be classified as the edge. 
(3.7) 
3.2.2 Canny method 
Canny method (1986) is another edge detection algorithm which is commonly used. This method 
is a gradient based edge detector. It has good localization property which the marked edges are 
close to the edges in the real image and minimal response suppresses the image noise to avoid 
false edges. It is similar to Sobel method, but there is a Canny Enhancer Algorithm for noise 
removal and edge strength analysis. Also, there is Non Maxima Suppression Algorithm to 
remove non maxima points.(Roque et al. 2010) 
The image treated by Canny method will firstly smoothed by Gaussian filter with a specified 
standard deviation to reduce noise. The Gaussian smoothing can then be performed after a 
suitable mask has been calculated. The width of Gaussian mask controls the sensitivity of the 
algorithm to noise. After smoothing, Sobel edge detector can be applied to determine the 
gradient of image and thus the strength of edges. The algorithm will further use this information 
to calculate the edge direction angle. An edge point is defined at pixels which is locally 
maximum in the direction of the gradient. The “non-maximum suppression” algorithm will 
suppress the pixels’ value at an edge to give a thin outline (Tu et al. 2012). The algorithm 
involves 4 multiplications per pixel, but it is not excessive. It works better than simpler schemes 
that compare the pixels with two of its neighbours. The thresholding of an edge map needs to be 
determined according to image structures and noise. If the threshold value is too low, too many 
structures will appear. If it is too high, contours will be broken into pieces. 
3.2.3 Breakup length detection 
The Breakup length of spray is determined by another image processing technique. The spray 
photos were converted to binary images which only contain black and white pixels with values 0 
and 1 respectively. The white coloured boundary has the pixel value of 1 and the black coloured 
background has a pixel value of 0. By converting the number of pixels with value of 0 between 
the two edges of spray cone, spray width can be obtained for analysis (Figure 3.9 a, b). The 
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threshold level was set at the level which barely eliminates the background noise of figure. The 
algorithm was developed for pixel counting scanned each binary image from the bottom row to 
the top row in the direction of spray development (Figure 3.9c). The values of pixels will be 
summed up in each row for analysis. In some of the fully developed spray cases, the number of 
white pixels at the location of spray cone may under the threshold as central part of spray cone 
was out of focus. Thus, the threshold level has to decrease to a lower value if the row was within 
the close-to-nozzle region.  
 
 
Figure 3.9 Schematic of spray breakup length algorithms. (a) original photo (b) binary image of the 
photo (c) pixel counting procedures   
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CHAPTER 4 
Numerical and Mathematical Methodology 
 
4.1 Gas Phase Modelling  
CFD modelling of fluid flow is governed by mathematical equations and numerical models. This 
chapter provides an overview of the governing equations and the physics of the fluid modelling.  
4.1.1 Governing Equation for Fluid Flow  
The Navier-Stokes equations are the basic equations which govern the fluid flow and heat 
transfer. CFD is based on these equations and follow the conservation laws of physics. It consists 
of five equations which includes one continuity equation, three momentum equations and one 
energy equation. The functions of these equations are as follow: 
 Continuity equation: Conserves mass for the fluid. 
 Momentum equations: Govern the sum of force acting on the fluid and the rate of change 
of momentum. 
 Energy equation: Govern the rate of heat addition to and the rate of work done on hte 
fluid 
The generic form of the three-dimensional governing equations for the conservation of mass, 
momentum and energy can be written as 
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]                       (4.8) 
 
 
where  is the general variable,   is the diffusion coefficient and    is the source term 
local 
acceleration 
advection term diffusion term source term 
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The source term comprises of different types of source which is available in momentum 
equations and energy equation, including pressure, non-pressure gradient, gravity, heat source or 
sinks.  
For implementation, the generic form of governing equation will be converted into following 
forms for incompressible flow:  
Continuity equation (     
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Momentum equation (         
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Energy equation (     
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(4.5) 
 
where u, v, w are the velocity in x, y, z directions. P is pressure and T  is thermal energy    
4.1.2 Governing Equations for Turbulence and Turbulence Models 
Turbulence is related to the random fluctuations in fluids. Conservations equations are still 
applicable to describe the fluid motion, but the random nature precludes the computations. In 
order to process the transient behaviour, the fluctuating properties of flow can be decomposed 
into steady component   and fluctuating component ϕ'(t) (Figure 4.1). These properties include 
velocity (u, v, w) and pressure (p). Turbulent fluctuations have three-dimensional spatial 
character and can be visualized as turbulent eddies which have rotational flow structure. The 
characteristic length and velocity scales of the largest eddies have the same order as the length 
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and velocity scale of mean flow. Hence, the largest eddies are dominated by inertia effect, 
instead of viscous effect. 
 
Figure 4.1 Velocity fluctuation with time in turbulent flow 
A direct numerical solution (DNS) of the time-dependent Navier-Stokes equations of turbulent 
flow is a possible way to predict the flow behaviour. However, it is not feasible for complex 
geometries at high Reynolds number, because of the limitation of conventional computational 
power. Since not all the effects related to every eddy in the flow are interested, Reynolds 
Averaged Navier-Stokes (RANS) Equations are derived to obtain the time averaged properties of 
turbulence. The governing equations are shown as follow: 
Continuity Equation 
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(4.6) 
Momentum equation 
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Energy equation 
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(4.8) 
Where  ̅  and     are mean velocity and fluctuating velocity,    ̅̅ ̅ is the mean viscous stress tensor: 
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(4.9) 
 
Standard k-ε Two-Equation Turbulence Model 
The RANS equations can be solved if the Reynolds stress and extras temperature transport terms 
can be related to the mean flow and heat quantities. However, there are unknowns which lead to 
closure problem of the equations. In 1877,Boussinesq proposed that momentum transfer caused 
by turbulent eddies can be modelled with eddy viscosity. 
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(4.11) 
where    is the turbulent viscosity and k is the turbulent kinetic energy 
For the turbulent transport of temperature 
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(4.12) 
where    is the turbulent diffusivity 
In order to develop the transport equations to accommodate the turbulent kinetic energy and the 
rate of dissipation of turbulent energy ε, these two quantities have to be defined and expressed in 
Cartesian tensor notation 
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Where    
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The local turbulent viscosity can be expressed as  
   
    
 
 
 
(4.15) 
By substituting the Reynolds Stress expressions Eqn.(4.10) and Eqn.(4.11) and the temperature 
transport term Eqn.(4.12) to the governing equations Eqn.(4.2), (4.3), (4.4) and (4.5), the 
conservative form of turbulence equations can be obtained. If presented in non-conservative 
form, the additional differential transport equation of standard k-ε turbulence model can be 
expressed as: 
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Where    is the production of k due to mean velocity gradient and    is the effect of buoyance: 
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The five adjustable constants are derived from data of wide range of turbulent flows by Launder 
and Spalding (1974) 
                                            
RNG k-ε Two-Equation Turbulence Model 
RNG based k-ε turbulence model was also derived from the Navier-Stokes equations with a 
mathematical technique called “renormalization group” methods (1993). With comparison with 
the standard k-ε turbulence model, this model is capable to take account of all turbulence length 
scale into the calculation of turbulent diffusion. Additional terms and functions are added to the 
transport equations for k and ε. The transport equations are revealed as follow: 
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Where 
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The values of the adjustable constants are also different to the standard model 
                                                                    
Realizable k-ε Two-Equation Turbulence Model 
The realizable k-ε turbulence model developed by Shih et al. (1995)is based on the RNG k-ε 
turbulence model, but it contains new a formula for turbulent viscosity. Also, the dissipation rate 
ε is derived from the transport equation of the mean-square vorticity. The transport equation of 
turbulence kinetic energy is same as that in RNG k-ε turbulence model, but the transport equation 
of the dissipation rate ε is different: 
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(4.24) 
The parameter    in the eddy viscosity equation [Eq.(4.15)] is now a variable instead of a 
constant: 
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The model constants are given by 
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Where 
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The other model constants are given as follow: 
                              
4.2 Particle Phase Modelling  
In this research, the gas-particle flow was studied in Eulerian-Lagrangian approach. The particle 
phase (spray droplets) is assumed to be spherical in shape and dispersed in the continuous phase 
(gas phase). The transport equations of the particle phase are calculated in a Lagrangian frame of 
reference. 
4.2.1 Lagrangian Discrete Particle Tracking 
The trajectory of particle phase is predicted by integrating the force balance on the particles, 
which includes the inertia, drag force and gravitational force. 
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(4.29) 
FD is the drag force defined as 
   
   
    
 
     
  
 
(4.30) 
where Red is droplet Reynolds number  
And the drag coefficient, based on Morsi and Alexander(1972), is given as 
      
  
  
 
  
   
 (4.31) 
 ⃑is an additional force which includes virtual mass force, force arise due to rotation of the 
reference frame, etc.  
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The scheme can be combined with the stochastic discrete random walk (DRW) model, which 
simulates the fluctuating velocity component of gas flow. The random value is kept constant 
within the interval of the eddies’ lifetime. 
The Drag coefficient constants are listed in Table 4.1 
Table 4.1 Drag coefficient constant list (Morsi and Alexander 1972) 
a1 a2 a3 Rep range 
0.6167 46.5 -116.67 10<Rep<100 
0.3644 98.33 -2778 100<Rep<1000 
0.357 148.62 -4.75×10
4
 1000<Rep<5000 
0.46 -490.546 57.87×10
4
 5000<Rep<10000 
 
Ishii-Zuber model is another drag model which is able to determine the drag of particles when 
travelling in another fluid phase. 
   
  
   
          
       for Re<1000 (4.32) 
 
Eqn. (4.32) has included the compact particle effects for flows containing high particle volume 
fractions. when the droplets are in the viscous regime, the drag coefficient is the same as the 
Schiller Naumann correlation (Clift et al. 1978) and the shape of droplet is assumed to be 
spherical.  
In the distorted fluid particle regime, the wake characteristic of turbulent eddies and particle 
motions increase the drag on fluid particle. The Drag coefficient becomes: 
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(4.33) 
Where             
         
The dynamic drag coefficient of deformed droplets can be determined by an additional 
correction formula (Liu et al. 1993) 
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                      for 0<y<1 (4.34) 
 
4.2.2 One Way Coupling and Two Way Coupling 
In Lagrangian particle tracking, there are two types of approach to handle the coupling between 
particle phase and continuous phase.  For low volume fraction of particle phase (the disperse 
phase) or very fine particles, one way coupling can be applied. In this case, the momentum of 
particle acting on the air flow is neglected. The trajectories of particles are depended on the 
momentum transferred from the gas phase (the continuous phase). The governing equation 
involving the force balance acting on the particles is: 
  
   
  
                     
(4.35) 
Where   is the drag force 
  is the buoyancy force caused by gravity 
  is the centripetal and Coriolis force 
   is the virtual mass force 
  is the pressure gradient force 
    Basset force 
For two-way coupling, the particle source terms are included in momentum equations. The 
source terms are tracked through the flow and are applied in the relevant control volume which 
the particle located during the time step. The momentum transfer from spray droplet to the gas 
phase is: 
    
 
  
∑                     
  
 
 
(4.36) 
where NP is the number of total particles in the cell and dV is the cell volume. 
4.2.3 Turbulent dispersion of Particle  
The dispersion of particles caused by turbulence is a stochastic process. The fluctuation of 
instantaneous turbulent velocity   ̅         has impact on the particle trajectories. The stochastic 
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tracking used in FLUENT is the discrete random walk model (DRW) which predicts turbulence 
dispersion by integrating the trajectory equations of individual particles. The fluctuating velocity 
components are discrete piecewise constant functions of time and this random value is kept 
constant over the characteristic lifetime of the turbulent eddies. The DRW can simulate the 
physics of the transportation of small particles which has a tendency to drift to the low-
turbulence region of the flow. 
The time of particles spent in turbulent motion (Tp) is proportional to the particle dispersion rate  
   ∫
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(4.37) 
Where ds is the displacement of particle 
If there is zero drift velocity between the gas phase and particle phase, the integral time (Tp) 
becomes fluid Lagrangian integral time TL which can be approximate as  
     
 
 
 
(4.38) 
The constant CL equals to 0.30 if k-ε model and its variants are used in the calculation. 
The fluctuating component of turbulent velocity obeys the Gaussian probability distribution 
during the lifetime of the turbulent eddy. 
     √   ̅̅ ̅̅  
(4.39) 
Where   is a normally distributed random number 
The local RMS of velocity fluctuation is: 
√    ̅̅ ̅̅ ̅  √     
(4.40) 
It is assumed to be isotropic which implies that the fluctuation is identical in three directions. 
4.3 Spray Atomization Models 
There are various kinds of atomization models available in literature to simulate the formation of 
spray. The process can be split into two parts: primary breakup and secondary breakup. The 
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primary breakup model simulates the formation of primary blobs from the breakup of liquid jet 
or liquid sheet and the secondary breakup model simulates the subsequent breakup of the water 
blobs (Figure 4.2). 
 
(a)                          (b) 
Figure 4.2 Schematic of (a) primary breakup and (b)secondary breakup(Mi et al. 2008) 
 
4.3.1 Primary Breakup Models 
The purpose of using primary breakup model is for determining the initial condition of spray 
droplets injected from nozzle which includes droplet diameter, injection velocity and spray angle. 
Blob Method 
Blob method is the simplest approach to define the initial condition of spray droplets. The 
detailed description of atomization and breakup process of breakup is omitted. It assumes that 
the spherical “blobs” with size Dp equal to the nozzle size Dn. are injected to the domain (Figure 
4.3). 
The initial velocity of spray droplets               is calculated by the conservation of mass: 
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(4.41) 
Where ̇      is the mass flow rate through the nozzle and    is the cross section area of nozzle. 
The spray angle is input by the user or calculated from empirical correlations. 
 
Figure 4.3 Schematic of blob model(Ansys 2009) 
 
Linear Instability Sheet Atomization (LISA) Method 
The LISA model was developed to simulate the primary breakup of spray from pressure swirl 
atomizers, proposed by Senecal et al.(1999). When the liquid passes through the swirl chamber, 
the swirl motion causes centrifugal force and leads to the formation of liquid sheet along 
injector’s wall. The liquid sheet will further develop into a hollow cone after exit the spray 
nozzle. The shear stress between liquid sheet and the gas phase causes aerodynamic instability. 
Once the instability grows to a certain level, the liquid sheet breakups into ligaments and spray 
droplets. 
The model assumes that instability develops through a two-dimensional, viscous, incompressible 
liquid sheet of thickness 2hwhen moving with a relative velocity U through an inviscid, 
incompressible gas medium. Depending on the liquid mass flow rate and injection pressure, there 
are two forms of instability wave on liquid sheet: antisymmetric (low) and symmetric waves 
(high) (Figure 4.4). The differentiation can be quantified by gas Weber number of the liquid 
sheet.  
   
       
  
 
 
(4.42) 
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Where Vslip is the relative velocity of liquid sheet and   is the surface tension between liquid and 
the gas phase.  
The spectrum of infinitesimal disturbance on the liquid sheet can be described in the form: 
      
        (4.43) 
Where    is the initial wave amplitude, k is the wave number and   is the growth rate 
 
Figure 4.4 Schematic of (a) antisymmetric waves and (b) symmetric waves (Senecal et al. 1999) 
 
The dispersion relation between   and k for the antisymmetric mode is derived from the 
conservation of mass and momentum of both liquid phase and gas phase and will lead to this 
expression: 
                     
                    
           
    
                   
   
  
    
(4.44) 
where        ,    
       
Dombrowski and John (1963) have derived a simplified expression from the analysis of 
aerodynamic instability of viscous liquid sheet, but the liquid sheet was treated in one 
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dimensional and the continuity of shear stress at the liquid/gas interface was not conserved. Later, 
Li and Tankin (1991) derived a dispersion relation which is similar to Eqn.(4.44).  The equation 
is simplified by neglecting the terms of second order in viscosity through an order of magnitude 
analysis. The growth rate for antisymmetric mode is 
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(4.45) 
For long wave assumption, if Q<<kh, Eqn.(4.45) can be simplified to 
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(4.46) 
For short wave assumption, if Q<<1, Eqn.(4.45) can be simplified to 
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(4.47) 
The expression Eqn.(4.47) can be applied on symmetric mode instability. 
The application of long wave or short wave assumption depends on the gas Weber number of 
liquid sheet. If the gas Weber number We < 27/16, long wave assumption is used and vice versa. 
This Weber number is known as the critical Weber number We2. 
 
When the surface disturbance on the liquid sheet has grown to the value ηb, the liquid sheet will 
breakup. 
              (4.48) 
where    is the maximum growth rate obtained from Eqn.(4.46) and Eqn.(4.47), depended on 
the mode of instability. 
 
The total velocity U of the liquid sheet is obtained by the relation with injection pressure 
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(4.49) 
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Where kv is the velocity coefficient calculated by 
      [    
  ̇
  
       
√
  
   
] 
(4.50) 
The thickness of the initial film is determined by the empirical correlation between mass flow 
rate ( ̇  nozzle diameter  , liquid density     the axial velocity of liquid film,   and spray cone 
angle θ. 
 ̇                     (4.51) 
The breakup length L is given by 
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(4.52) 
Where  (
  
  
) is the empirical sheet constant, which is a critical parameter in the pressure swirl 
atomizer breakup model as it controls the breakup length of the liquid sheet. The default value is 
set to 12 which is a value that is widely applied in high pressure spray applications (Gao et al. 
2005; Park et al. 2009; Schmidt et al. 1999). 
 
The diameter of ligament dl is obtained from mass balance, defined as 
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(4.53) 
Where the coefficient B0is equal to 16 for short waves (Weg<27/16) and B0is equal to 8 for long 
waves (Weg> 27/16).Ks is the wave number corresponding to maximum growth rate and is given 
by 
   
   
 
  
 
(4.54) 
The liquid sheet half thickness h, at the formation of the ligaments is calculated by 
  
    
       (
 
 )
 
(4.55) 
Where    is the radial distance from the center line to the mid-line of liquid sheet at 
the atomizer exit 
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The droplet diameter produced is determined by
 
                
    (4.56) 
The resultant droplet diameter is incorporated with a Rosin-Rammler distribution function (R-R) 
to provide the droplet size distribution as  
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(4.57) 
The size parameter D can be expressed in terms of volume median diameter 
   
  
 
     
 
(4.58) 
where q is the spread parameter empirically defined by comparing with experimental results.  
 
4.3.2 Secondary Breakup Models 
Atomization occur when there is interaction between the liquid and surrounding air. It involves 
several mechanism which dominating the split up of larger drops in the final stage of 
disintegration under aerodynamic force. If the equilibrium between the aerodynamic force due to 
surface tension and viscosity cannot be maintained, breakup of the liquid droplet will occur. 
(Lefebvre 1989) 
There are three types of deformation of drop in flowing air (Hinze 1955) (Figure 4.5) 
 The drop is flattened to form an oblate ellipsoid (lenticular deformation). The subsequent 
deformation depends on the magnitude of the external forces acting on the drop. The ellipsoid 
may convert into a torus, which becomes stretched and breaks up into small droplets. 
 The initial drop becomes elongated to form a long cylindrical thread or ligament, and then 
breaks up into small droplets (cigar-shaped deformation). 
 Local deformations on the drop surface create bulges and protuberances, which later separate 
themselves from the parent drop to form smaller droplets 
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Figure 4.5 Basic types of drop deformation (Hinze 1955) 
 
Taylor Analogy Breakup (TAB) model 
The TAB model is proposed by O’Rourke and Amsden (1987) which aimed to simulate the 
phenomenon of secondary breakup. It assumed that the droplet distortion can be described as 
one-dimensional, forced, damped, harmonic oscillation which is similar to spring-mass system. 
The droplet deformation can be expressed by y=2x/r where x is the deviation of droplet equator 
(Figure 4.6). 
 
Figure 4.6 Droplet deformation in airflow (Ansys 2009) 
 
The liquid viscosity acts as damping force and the surface tension acts as the restoring force in 
the conserved system.  The equation of damped, forced harmonic oscillator is 
 
   
   
       
  
  
 
(4.59) 
According to the Taylor analogy, coefficients of the equation are given as: 
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(4.61) 
Air flow direction 
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(4.62) 
Where rd is the radius of undisturbed droplet and the constants CF, Ck and Cd will be discussed 
later. 
The breakup of droplet only occurs if the distortion exceeds the critical ratio of the droplet radius: 
      (4.63) 
The value of Cb equals to 0.5 which imply that breakup occurs when the distortion is greater than 
half of the droplet radius. Eqn.(4.59) can be non-dimensionalized by transforming and 
substituting Eqn.(4.63): 
   
   
 
  
  
  
  
  
  
 
   
    
  
    
    
  
  
 
(4.64) 
with breakup occurring if y > 1 
The time-dependent particle distortion equation can be obtained by the integration of Eqn.(4.64) 
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The size of child droplets after breakup is determined by the conservation of energy of the parent 
droplet. The Energy equation of the parent droplet is given by 
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(4.69) 
 
The energy equation of the child droplet is given by 
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By equating the Eqn.(4.69) and Eqn.(4.70), setting y=1 and          
 , the Sauter mean 
radius of child droplet        is:  
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 (4.71) 
The child droplet will also have a velocity normal to the parent droplet given by: 
        
  
  
 
(4.72) 
The values of constants in the TAB model are given in Table 4.2 
 
Table 4.2 TAB breakup model constants and values 
Constant Value 
Critical Amplitude Coefficient (Cb) 0.5 
Damping Coefficient (Cd) 5.0 
External Force Coefficient(Cf) 1/3 
Restoring Force Coefficient (Ck) 8.0 
New Droplet Velocity Factor (Cv) 1.0 
Energy Ratio Factor (K) 10/3 
 
 
Enhanced TAB (ETAB) model 
The ETAB model is developed by Tanner (1997) which has the same droplet deformation 
mechanism as the TAB model. However, the rate of child droplet generation, the calculation of 
droplet breakup time and velocity and the expression of droplet size are expressed in different 
empirical correlations. This model avoids the underestimation of breakup time in TAB model. 
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The rate of child droplet generation in ETAB model is proportional to the number of child 
droplets: 
 
  
              
(4.73) 
The value of the constant     is dependent on the breakup regime 
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   √                       
 
(4.74) 
Where    equals to 80  
The size ratio between parent and child droplet is expressed in the empirical correlation 
      
       
        (4.75) 
After the breakup from parent droplet, the deformation and deformation rate of child droplet are 
set to zero: 
      ̇      
 
The velocity component normal to the path of the parent droplet is no longer only dependent on 
the deformation rate of droplet in TAB model Eqn.(4.72). It also related to the Weber number of 
parent droplet and the size ratio between parent and child droplet: 
     ̇ (4.76) 
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(4.78) 
 
The ETAB model assumes that the initial droplet deformation rate  ̇    has the value of the 
largest negative root of Eqn.(4.65) 
 ̇                     
 
       
 (4.79) 
Where 
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(4.80) 
With C = 5.5 
The values of constant in the ETAB model are given in  
 
Table 4.3 
 
Table 4.3 ETAB model constants and values 
Constant Value 
ETAB Bag Breakup Factor (  ) 2/9 
Stripping Breakup Factor (    2/9 
Critical Weber number for Stripping Breakup (Wet) 80 
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Figure 4.7 Flow chart of solver solution steps 
4.4 Numerical Solver Procedure 
The governing equations including momentum equations, energy equations and turbulence 
model equations are in the form of partial differential equations (PDE). In order to implement in 
the CFD software, it requires the discretization of PDE. In this process, the governing equations 
are converted to a system of algebraic equations by finite difference or finite volume methods. 
The finite volume is more commonly applied in engineering problem nowadays, since it is 
applicable in three dimensional geometries. The method subdivided the computational domain 
into a finite number of control volumes. The properties in the control volumes are conserved and 
controlled by the governing equations. The flow chart of procedures is shown in Figure 4.7. 
The properties of the fluid, such as pressure, velocity and temperature are stored in the cell centre 
of each control volume. In the calculation process of governing equation, the face values on the 
faces on each finite element are used and it is accomplished by upwind scheme. For upwind 
scheme, the face value is derived from the cell which is in “upstream” direction, relative to the 
normal velocity. In FLUENT, there are first-order upwind, second upwind, power law, QUICK 
and third order MUSCL scheme can be chosen for discretization.  
The third order QUICK scheme provides good accuracy of computation by increasing the order 
of truncation error. It is based on a weighted average of second order upwind and central 
interpolations of the variable for quadrilateral and hexahedral meshes where upstream and 
downstream faces and cells can be identified. (Leonard and Mokhtari 1990).  
For the droplet phase, there are different high order tracking schemes available in FLUENT to 
track the dispersed droplets. such as Runge-Kutta and Trapezoidal. According to the FLUENT 
user guide (2006), the runge-kutta scheme is recommended for cases which have non drag force 
changes along a particle integration step.   
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CHAPTER 5  
Experimental Analysis of Continuous Spray  
 
5.1 Introduction 
This study aims to provide some insight of spray droplet formation after atomization from a 
nasal spray device. A commercial nasal spray device was tested under constant mass flow rate to 
illustrate the spray formation, external (cone angle, plume shape) and internal characteristics 
(droplet size distribution) of spray.  Particle image velocimetry (PIV) and particle/droplet image 
analysis (PDIA) were applied to obtain droplet diameters and spray velocities at different 
locations of spray plume. Image processing techniques were also applied to enhance 
visualization and droplet concentration determination. The outcome has been published in the 
Journal of Aerosol Science and Technology by Inthavong et al. (2012). 
5.2 Spray Image Acquisition 
Figure 5.1 has shown the schematic of the setup. A steady stream of water was passed through 
the nasal spray nozzle and was placed in a perspex test chamber. A pressure regulator was fitted 
at the outlet to monitor a constant steady operating pressure of 500 kPa. The transparent perspex 
test chamber enclosed a nasal spray nozzle which is pointed downward to allow laser sheet to 
pass through the spray in vertical plane for measurement. This setup can avoid the interference 
from gravitational settling of droplets if the nasal spray device was directed upward. 
The camera was mounted on a high precision (±17 μm precision) traversing unit, which allowed 
precise movements in all three coordinates to reposition the camera. Water was released through 
a pressure regulator valve and allowed to reach steady conditions before image acquisition. A 
single run was limited to 3 min in order to avoid pressure variations associated with a decreasing 
liquid volume in the pressure tank and repeated until 400 pairs of PDIA images in each camera 
location (10 locations in total) and 900 pairs of PIV images (in one laser sheet/camera location) 
were obtained.  
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Figure 5.1 Schematic of the experimental setup to capture the spray atomization and droplet size 
distribution 
5.2.1 PIV Setup 
The Nd:YAG laser beam was expanded by a cylindrical lens to form a 1.5- to 2-mm-thick planar 
vertical light sheet over the measurement plane. The field of view (FOV) of the CCD camera 
was 268 ×215 mm, and the interrogation windows were 32 ×32 pixels (8.4 ×8.4 mm), with 50% 
overlap between consecutive interrogation cells, providing a velocity vector spacing of 16 pixels 
(4.2 mm). The uncertainty of pixel displacement is given as 0.2 pixels (Intelligent Laser 
Applications 2004) within the interrogation window of 32 ×32 pixels, resulting in a 0.6% error 
uncertainty. The sheet was passed through the vertical middle plane of the spray and the camera 
was aligned perpendicular to the laser sheet. Nine hundred pairs of images with a time difference 
of 40 μs between each image pair were obtained. The instantaneous 2D velocity vector map for 
each image pair was calculated. An average 2D velocity vector field can be created from the 
ensemble average of the instantaneous vector maps. 
5.2.2 PDIA Setup 
A long-distance microscope lens with magnification of 2.46 was used to acquire droplet images. 
The field of view (FOV) of images is about 3.85 × 3.08 mm with resolution of 3.01μm/pixel. 400 
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image pairs for each FOV were obtained and used for the droplet size measurement by 
automated segmentation threshold algorithm.  
The acquired spray images are in an 8-bit gray scale and the threshold was set at a gray scale 
level of 10, which is barely under the background-gray-level peak. This setting prevents any 
background noise from incorrectly accepted as spray droplets. The acquired image must have 
good signal-to-noise ratio for measurement accuracy, since it can ensure a sufficiently wide gray-
scale separation between image background and spray droplets.  Low threshold level tends to 
reduce the calculated droplet diameter and small spray droplets have higher sensitivity to 
threshold level. Shape rejection was also applied in droplet segmentation, to reject droplets or 
ligaments which were overlapping. The value was set between 0.6 and 0.75 for optimum result.  
5.3 Result and Discussion 
5.3.1 Exam the Design of Atomizer 
The nasal spray device was sliced open and scanned under electron microscope (SEM) to 
determine the type of atomizer used. The 80× SEM image in Figure 5.2 showed that the structure 
of atomizer is in pressure-swirl type, with orifice diameter in 0.28 mm. Lefebvre (1989) stated 
that this type of atomizer gives much wider spray cone angle than plain orifice atomizers, since 
there is formation of conical liquid sheet formed by the swirling motion of liquid inside swirl 
chamber.  
 
Figure 5.2 SEM image of a cutaway of the nasal spray device 
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There are two types of pressure-swirl atomizer commonly available in the market. The "solid 
cone" spray atomizer generates spray droplets uniformly throughout the spray plume. Coarse 
atomization occurs in the centre of spray where large spray droplets located. The other type is the 
"hollow cone" spray atomizer which produces most of the spray droplets at the outer edge of 
spray cone. This design gives finer atomization and thus droplets' size is smaller.   
5.3.2 External Spray Characteristics by PIV Measurements 
The external spray characteristics and plume geometry was analyzed by PIV which capture 900 
image pairs over four test runs, since each image acquisition run was limited to avoid large 
discrepancies in pressure losses from the pressure tank. 
 
(a)                                                                         (b) 
Figure 5.3(a) Four sample images of the spray highlighting the fluctuating properties of the spray 
plume. (b) Averaged spray plume color map created by overlaying each of the 900 individual spray 
images. The scale/legend represents the percentage of images that contain spray droplets. The 
vertical axis is in the z-coordinate and units in millimeters. 
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Figure 5.3(a) has shown four sample of the images, where the spray plume varies in shape as it 
propagates downstream. Although the spray is continuous, the spray plume exhibits fluctuations 
caused by the turbulent free shearing of the moving fluid in the still air. By overlaying each of 
the 900 individual spray images, an averaged spray plume geometry can be determined in order 
to average out the fluctuations in the spray. The acquired images were 8-bit digital image 
consisting of pixels with gray scale intensity values varying between 0 and 255 where 0 is black 
and 255 is white. The droplets act as seeding particles and are picked up in the image as white in 
color. For each spray image, individual pixels, P(x,y), are checked to determine if a droplet is 
present based on the level of gray intensity, g(x), of each pixel, and if so, the intensity is 
incremented by 1. If no droplets are detected, then a value of zero is given. A color map, which 
represents the percentage of images that contain spray droplets at each individual pixel, can then 
be defined as the total number of droplets recorded for a given pixel divided the number of 
images checked. This can be summarized as follows: 
   ∑
     
 
 
   , where      {
             
 
 
(5.1) 
where N is the total number of images (900),   is the gray level threshold (250) 
The spray plume with colour map is shown in Figure 5.3(b).  The concentration of spray droplet 
decrease rapidly at the distance of 42 mm further downstream. This spray droplet detection 
colour map gives a time-averaged distribution of spray droplets and shows that few droplets 
occur around the flame-like region. The relationship between plume diameter dplume and 
downstream distance z is given by the expression: 
                 
                  for z < 85 mm (5.2) 
It is determined by visual inspection where the edge of the spray plume is defined between solid 
region and the spray periphery. 
It is assumed that the spray is symmetrical in current case, so only one single plane was used to 
characterize the 2D velocity spray field. The interrogation and correlation algorithm is performed 
with the ILA-VidPIV software (2004) to produce a 2 Dimensional velocity field plot (Figure 
5.4). The maximum velocity of the flow field is 16.8 m/s which occur at 28 mm downstream of 
nozzle.  Since there is liquid sheet formed immediately downstream of the orifice, it is not 
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possible to pick up spray droplets as seeding particles. The velocity was measured in the near-
nozzle region (<28 mm from the orifice). The drag imparted onto the spray by the surrounding 
 
Figure 5.4 (a) PIV 2D vector plot of the averaged mean droplet velocity field of the spray nozzle. (b) 
Maximum velocity at the centerline of the PIV data. The vertical axis is in the z-coordinate and 
units in millimeters 
 
air decreases the spray velocity further downstream of the nozzle. The velocity profile taken 
from the centerline showed that the spray velocity decreases from the peak of 5.8 m/s at a 
distance of 200 mm from the nozzle. In this region of spray, the droplets started to accumulate on 
the peripheral area, rather than going downstream due to the inertial effects. By comparison, the 
terminal velocity of water droplet with diameter of 2260 µm has a terminal of 5.5 m/s (Flower 
1927). Since the nasal cavity dimension is about 1-10 mm in diameter and width and 100 mm in 
length, so this region is not applicable for nasal spray application. 
PIV is not applicable to resolve the velocity profile at the spray nozzle, due to the absence of 
clear distinguishable droplets.  The droplet density is high at close-to-nozzle region and 
downstream and it will cause the problem of secondary scattering (Black et al. 1996; Ghaemi et 
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al. 2010).  The illuminated light from laser sheet will be scattered off the droplets and will 
illuminate the droplets outside the laser sheet, causing secondary scattering. This process will 
increase the depth of field and effective thickness of laser sheet. Hence, the in-plane droplet 
velocity will be underestimated by including droplets from out-of-plane locations. The influence 
of secondary scattering is reduced downstream, since the droplet density and droplet velocity 
gradient decreases in radial direction. 
 
5.3.3 Near-Nozzle Spray Characteristics by PDIA Measurements 
The camera was moved into 10 different positions with FOV of 3.082 mm × 3.853 mm by 
traversing system and captured the characteristics of spray within the region of 12.3 mm 
downstream of spray nozzle.  
 
Figure 5.5 A collation of single-shot images at different regions of the spray field. The FOV is 3.082 
mm × 3.853 mm, which is moved through the spray field using a high-resolution traversing unit. 
The labels R1–R4 represent the row number and C1–C5 the column number corresponding to the 
FOV. The spray cone angle is defined as the angle between the centerline and one of the spray 
peripheral boundary, θ.  
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The measurement locations were visualized in Figure 5.5. The first two rows (R1 and R2) has 
shown the liquid sheet cone where spray has not yet atomized.  At a distance from the nozzle, the 
liquid sheet broke into ligaments and further atomizes to form droplets. The distance between 
nozzle and the location where ligament breakup occurs (between R2 and R3) is named as 
breakup length (Lbu). A hollow cone is formed here and the spray droplets disperse over the 
diameter of spray cone. This distance is important for CFD simulations of drug delivery on nasal 
cavity, as it is the origin of spray droplets, rather than the orifice.   
 
Figure 5.6 Spray atomization and droplet formation. (a) Images taken from location R1C3 with the 
last image, after image processing is applied. (b) Images taken from R2C3—arrows indicate sheet 
ligaments breaking off and the red line indicates the breakup length, Lbu, by manual inspection. (c) 
Images taken from R3C3 by PDIA visualization. (d) Schematic of primary spray breakup. 
 
The spray images of the center column of near nozzle region (R1), ligament breakup region 
(R2) and primary breakup region (R3) are shown in Figure 5.6. At the near nozzle region, the 
water is forced through the swirling chamber and orifice. The swirling centrifugal force causes 
the formation of liquid sheet. The interaction between the swirling liquid sheet and surrounding 
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air will cause aerodynamic instability in the form of propagating waves on the liquid surface. 
Since it is a low pressure spray, the waves are in the sinusoidal mode. The amplitude and growth 
rate of the waves are dependent on liquid viscosity, surface tension and aerodynamic forces. 
Once the unstable waves reach the critical amplitude, the liquid sheet will disintegrate to 
ligaments. 
The spectrum of infinitesimal disturbances on liquid sheet surface can be characterized by a 
wave number based on its amplitude. The largest weber number is responsible for the breakup of 
liquid sheet. For low speed viscous sheet atomization (i.e. Weg<2) occur in nasal spray 
applications, the long wave effect will be dominant (sinuous wave) (Kirkpatrick and Armfield 
2005).  The external pressure acting on the liquid sheet causes fluctuations and the liquid sheet 
interface was stretched (R1C3 in Figure 5.6a). According to Dombrowski and John (1963), gas 
pressure, surface tension, liquid inertia and viscosity have influence on gas-liquid surface. The 
liquid viscosity has damping effect to minimize the growth rate of instabilities and prolong the 
sheet breakup process. However, the surface tension on the gas-liquid interface will stabilize the 
fluctuation of liquid sheet. Figure 5.6b shows the breakup of liquid sheet when the instability 
reached the critical amplitude. Ligaments are sheared off from the sheet and further breakup into 
droplets. The breakup length varies in the process, due to the swirling motion. The formation of 
droplets from ligament is clearly shown in Figure 5.6c. Some images (<5%) showed that residual 
fragments occurred downstream. However, this phenomenon did not exist for long and they 
would breakup to droplets. According to theory, the amplitude of waves on liquid sheet is equal 
to the radius of ligament (Dombrowski and Johns 1963).         
The spray cone size was measurement was performed by Canny edge detection scheme, which 
produces an outline of the spray (Figure 5.6a).  The averaged half cone angle is taken as the 
angle from the centerline to the peripheral spray boundary, which is about 25.8º in current case. 
However, this method is not applicable for breakup length detection, due to the oscillating nature 
of liquid sheet. Hence, manual measurement was performed to for over 200 images for good 
statistical accuracy (Figure 5.6b).  For all the cases, the breakup occurred within the R2C3 
location (i.e. <6.164mm). The average sheet breakup length, Lbu, was determined to be 6.65mm 
± 0.38mm (standard deviation error). At this location, the average sheet breakup length, clearly 
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formed droplets are still not present. Here, the ligaments tear off the liquid sheet that continuous 
to breakup into the droplets, which occur further downstream. Therefore, the formation of 
droplets is more dominant in the R3C3 images. From a CFD simulation of nasal drug delivery 
perspective, it may be prudent to introduce the sprayed particles at a further distance than the 
average breakup length (i.e. ~ 6.164 mm from the nozzle).    
5.3.4 Mean Droplet Size Measurements by PDIA Measurements 
Nasal spray device evaluation methods have mainly been driven by the FDA guidelines (Suman 
et al. 2002) which suggest using laser diffraction method to measure VMDs, Dv10, Dv50 and Dv90.  
However, this method can only capture a small region each time, as it is a point source 
measurement. The characteristics of spray changes when it propagates downstream, so the 
selection of laser measurement point is important. PDIA is an alternative method which is 
region-based and allows larger area to be measured. The drawback of the method is that the 
accuracy of result relies on the droplet discretization algorithm in detecting the droplets from a 
2D captured image. 
 
Figure 5.7 Global (a) VMD (D30) distribution and (b) droplet number distribution in the atomized 
spray region (R3 and R4) 
 
VMDs are commonly used as a measure of the mass flow of droplet phase, and in multiphase 
flows, where the droplet phase occupies a certain amount of volume, the void fraction can be 
determined. It is important for nasal spray applications, as they are designed to deliver a specific 
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dose per actuation.  The SMD is for characterizing spray droplets, where active surface area is 
important, such as catalysis or combustion. In this section, VMD is used and compared with data 
in the literature, since it is the mass that is significant in nasal spray application. The SMD will 
be used to compare with empirical correlations for the droplet size based on the upstream fluid 
conditions. 
 
Figure 5.8 Local VMD (D30) distribution in the atomized spray region (R3 and R4). 
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The measurement of droplet diameter was performed by PDIA. The droplet size were 
categorized into diameter bins of 10 µm in the range of 11-1200 µm. For example, the smallest 
detectable droplets by PDIA (13 µm) falls into the first diameter bin of 11-20 µm. The global 
VMD (D30) distribution for the droplets formed after ligament breakup (i.e. The locations in row 
R3 and R4) is shown in Figure 5.7. Only the bottom rows are used for analysis, since the first 
two rows only consists of dense liquid sheet.  A skewed distribution biased toward the smaller 
diameter range of 11-300 µm (cumulative percentage of 91.7%). The accompanying particle 
number distribution highlights the skewed distribution toward smaller droplets. Locally, the 
droplet distributions for each separate FOV in R3 and R4 (defined in Figure 5.5) are presented in 
Figure 5.8. A curve fit having the polynomial form 
   
        
         
 
(5.3) 
is used to fit the distribution data. The coefficients p1, p2, p3, q1 and q2 are defined in Table 5. for 
different FOV locations and the x value is the droplet diameter in microns. These empirical 
correlations can be used for the setting of initial boundary conditions for the particle phase in 
CFD simulations of drug delivery in nasal cavity. The local distributions provide an insight into 
development and formation of the spray droplets. The results showed that larger droplets can be 
found along R3. Laterally, the averaged diameters do not appear to vary greatly between C3 and 
its adjacent FOV regions C2 and C4. This phenomenon reveals two points: (i) in this region, the 
spray contains droplets that may still undergo further breakup and (ii) the droplets have sufficient 
inertia to overcome the swirling effect. The distal regions at the spray peripheral at C5 and C1 
show much smaller droplet sizes. 
Figure 5.9 shows the mean droplet diameters and its spatial variation across the lower two rows 
measured (R3 and R4) and the averaged diameters across each row are also given. The droplets 
are larger in size at R3 compared with the downstream location at R4, although the distance 
between the two rows is only 3.8 mm. The arithmetic mean does not change greatly, due to the 
huge number of small droplets. The droplets in the center column, C3 are larger than those in 
outer radial locations, such as C1 and C5. The SMD values can be compared with estabilished 
empirical correlations, which are evaluated below: 
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Radcliffe (1960):              
     ̇
       
     
                                      = 86.5 µm 
Jasuja(1979):               
      ̇
       
      
                                      = 75.4 µm 
Lefevbre (1983):                
      ̇
       
      
      
                                           = 48.0 µm 
 
Table 5.1 Coefficients for the curve fit correlation in (5.3)  
 p1 p2 ,p3 ,q1 q2 
R3C2 0.1693 234 2566 -64.61 6433 
R3C3 -0.063 272.7 5444 -97.72 9011 
R3C4 0.3426 137.7 4424 -84.77 6943 
R4C1 -61.39 9158 6.654×10
4
 920.3 -6279 
R4C2 -0.6274 324.8 11400 -127.5 9495 
R4C3 -0.4849 311.6 9354 -150.5 1.181×10
4
 
R4C4 -0.4317 429.8 8734 -59.41 8474 
R4C5 -2.752 744.5 -2.087×10
4
 -19.82 -379.1 
Overall -0.159 289.3 -15.98 49.21 -335.8 
 
The values are smaller than the PDIA measurements. For further downstream, it is expected that 
the droplets will undergo secondary breakup and form smaller droplets. Liu (2000) noted that the 
mean droplet size cannot be derived directly from first principles, as the physics involved in 
atomization are not understood enough. These empirical models were developed based on high 
pressure and/or fuel spray applications, whereas the application of nasal sprays operates at a 
much lower pressure. 
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Figure 5.9 Mean diameter taken at (a) R3 and (b) R4. The average mean diameter for each row are 
given the legend within each chart 
 
The values of Dv10, Dv50 and Dv90 are summarized and compared with experimental data in 
Table 5.2. The huge differences in values may be due to the measurement technique.  In this 
study, the 2D area field was measured by PDIA, while measurements in the literature were 
performed by laser diffraction techniques. Another reason is the difference of measurement 
distances taken from the laser beam to the nozzle tip and the spatial field for laser diffraction 
measurements. In the atomization process, droplets undergo secondary breakup when they travel 
downstream and a decrease in mean diameters was verified by Dayal et al. (2004). Their study 
showed a decrease in Dv50 by 17%-27% when the measured distance of laser beam moved from 
15 to 60mm.    
 
Table 5.2 Cumulative VMD measurements 
 Suman et al 
(2002) 
Foo et al. 
(2007) 
Liu et 
al.(2010) 
Dayal et al. 
(2004) 
Current study 
Dv10 21.5   23-40 56 
Dv50 41-43 37-44 31-42 42-86 246 
Dv90 77-87   72-160 736 
Distance from 
nozzle (mm) 
45 45 30 30 6-12 
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5.3.5 Nasal Spray Drug Delivery Application 
The absorption of nasal drug formulations into the bloodstream occurs most effectively in the 
main nasal passage (middle region) where curved turbinate structures exist (Davis and Illum 
2003). The benefits of targeted drug delivery are evident in improving its efficacy while also 
reducing the bitter taste that users may experience from swallowing, mucociliary action, or 
forced movement by further sniffing. Current spray device designs administer drug formulations 
in a vertical position (Kublik and Vidgren 1998). This contradicts the directional path of the 
nasal cavity, which is horizontal, and often leads to high droplet impaction at the top of the 
nostrils. This can be improved by spray atomizer designs that produce finer droplet sizes to 
reduce the inertial property of the droplet, leading to less droplets impacting early within the 
nostrils. Furthermore this may also enhance the absorption of drugs since aqueous drug solutions 
with small molecular size are more rapidly absorbed via the aqueous path of the mucous 
membrane. 
 
The overall length of a nasal cavity from nostril inlet to the posterior end at the nasopharynx is 
approximately 97mm and the height 47mm, and exhibits narrow passageway with a minimum 
cross-sectional area of ≈ 1.4cm2 located about 2.0 cm from the anterior tip of nose (Wen et al. 
2008). The length and diameter of the spray plume that were measured are approximately 
241mm and 84mm respectively, which means that the spray plume will not develop freely in the 
nasal cavity as it would during the experimental measurements made in this study. To determine 
how much of the spray plume is important for evaluation of nasal drug delivery, a simple 
illustrative CFD analysis can be performed to contextualise the nasal spray delivery and its 
formation under application. The nasal cavity model was created from CT-scans of a human 
subject (Figure 5.10) and has been used in earlier studies by the authors (Inthavong et al. 2006; 
Inthavong et al. 2008).  Large droplets (100µm) with high inertia are delivered with an initial 
velocity of 15m/s into the left nasal cavity with a negligible flow rate (0.01 L/min). The 100µm 
droplets were chosen for the high inertial property which retains its velocity and basically travels 
in a straight line unless it impacts onto the nasal surface wall. The initial conditions of the 
droplets were described based on the shape of the measured spray plume. By tracking the 
droplets, the wall deposition patterns and the spatial locations of the droplets as they pass 
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through cross-sectional slices labelled A to D can be shown. Three injection angles, 90
o
, 45
o
 and 
30
o
 are evaluated for which a user may perform, whereby more horizontal angles can be 
achieved by tilting the head backwards. The results in Figure 10 showed that the spray plume 
maximum length reached 47mm for an injection angle of 30
o
. 
 
 
Figure 5.10 3D visualization of the unaffected experimental spray placed inside a human nasal 
cavity model. Four cross sections are labeled A, B, C, and D having widths of 8.1, 16.5, 17.1, and 
15.3 mm, and heights of 31.3, 42.0, 42.8, and 42.8 mm respectively. Particles of 100 μm diameter are 
delivered into the nasal cavity at the location denoted by the large black dot just inside the nasal 
cavity. Subsequent particle deposition onto the nasal cavity walls is marked with small black dots. 
Particles passing through the cross-sectional slices A–D are also denoted by small black dots 
 
At this length the measured spray would have a diameter of 22.6mm (5.2) which is much larger 
than the narrow cross-sections shown. The spatial locations of the droplets that pass through each 
slice show that a narrow spray may enhance droplet deposition given the narrow cross-sections 
in comparison to the spray width. There is also potential for an increase in the spray penetration 
when the spray is more horizontally aligned. While the CFD visualisation is highly idealised it 
does put into context the spray geometry dimensions in relation to the nasal cavity. Evaluations 
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of nasal spray performance should concentrate on the external and near field characteristics of 
the spray up to 50-60mm from the spray nozzle, and certainly it would be unnecessary to 
measure the entire spray plume of up to 240mm. 
5.3.6 Initial droplet conditions for CFD studies of nasal spray drug delivery 
Many commercial CFD codes provide atomisation models within the software and their 
application sometimes requires additional information regarding the atomiser design that may be 
not be known. For practical applications discrete droplets may be used to represent the atomised 
spray. For this method preliminary experimental measurements may be performed to establish 
the spray characteristics. These characteristics form the basis of the initial droplet conditions that 
are needed for CFD studies which includes the spray plume and its velocity profile, and droplet 
size distributions. A break up length is observed where the liquid sheet breaks down into droplets. 
It is this distance from the spray nozzle exit, that droplets should be introduced into the nasal 
cavity. Furthermore, the spray plume diameter for which the droplets would be randomly 
distributed over can be determined by Eqn. (5.2). 
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CHAPTER 6 
Experimental Analysis of Unsteady Spray  
 
6.1 Introduction 
The nasal route presents an opportunity to exploit the highly vascularized respiratory airway for 
systemic drug delivery to provide more rapid way of therapy, and reduce drug formulation 
breakdown compared to conventional oral routes. The mechanisms of atomization at low 
injection pressure is less known, as conventionally spray atomization studies have focussed on 
heavy industrial applications at much higher pressure. In this chapter, an in-house experimental 
test station was designed and an alternative method to characterise the external spray is presented. 
High speed camera was used to capture the temporal development of the. An image processing 
technique based on edge-detection was developed to postprocess the large number of images 
captured. The three main phases of spray development (pre-stable, stable, and post-stable) can be 
correlated by examining the spray width of spray plume. This study aimed to extend the current 
existing set of data to contribute towards a better understanding in nasal spray drug delivery. Part 
of the research outcome has been published in Journal of Pharmaceutical Sciences by Fung et al. 
(2013) 
6.2 Actuation Sequences of the automated system  
Figure 6.1 has shown the actuation profile. The nasal spray bottle is firstly held at its rest 
position for 2.5 seconds. After that, a signal pulse signal is sent to extend the actuator which 
forces the spray bottle upwards. The pulse length are 80ms, 120ms and 180 for 2.65 bar, 2.45 bar 
and 2.05 bar case respectively, depending on the actuation speed. The actuator then returns to its 
rest position after completing a full actuation. This cycle is then repeated the optical 
measurements. The time between each actuation was set to 2.5 seconds by using a Particle and 
Droplet Image Analysis (PDIA) to ensure that there is sufficient time for the residual droplets in 
the air to settle before the next cycle. This is checked by examining photo pairs captured by 
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PDIA with a time difference of 10 microseconds, to ensure no residual droplets are found in the 
image. 
The compression and releasing speed of actuator is controlled by the speed controllers installed 
on the pressure lines between the actuator and the solenoid. The PLC unit controls the on and off 
of solenoid by simple mechanical on-off signals. The nasal spray bottle is firstly held at its rest 
position for 2.2 seconds, then a signal pulse is sent to extend the actuator which forces the spray 
bottle upwards. The pulse lengths are 80ms, 120ms and 180ms for 2.65 bar, 2.45 bar and 2.05 
bar case respectively, depending on the actuation speed. The actuator then retracts back to its rest 
position after completing a full actuation. 
The spray bottle used in this study is a commercially available nasal spray device (provided by 
Glaxo Smith Kline) capable of delivering 200 sprays per bottle with 50mcg of formulation per 
actuation claimed by the pharmaceutical company for normal operation. A large water tank (20 
Litres) filled with distilled water was attached to the nasal spray bottle that supplies water to 
ensure a consistent pressure within the spray bottle during the experiment and enables a constant 
water level in the nasal spray bottle. 
 
Figure 6.1. Signal profile sent from the PLC unit to activate/deactivate the control valves. 
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6.3 Regions for PDIA measurement  
The spray internal characteristic within the first 12.3mm from nozzle was investigated. By the 
application of traversing system, the system was maneuverd to 11 regions for image acquisition. 
This measurement cycle is repeated for two hundred times at each FOV on R3 and R4 (Figure 
6.2) for spray droplet size analysis. The size for each VOF is about 3.852mm × 3.082mm. For 
the FOV located at R4 and R4, the cycle is only repeated for five times for visualization purpose. 
The width of the measured region increases from R4 to R1, in order to cover the whole area of 
expanding spray cone.  
  
 
Figure 6.2 A collation of single-shot images at 11 different field of view (FOV) regions of the spray 
plume near the nozzle/orifice. The letter R represents Row, and C represents the columns defined 
by each FOV. 
 
6.4 Result and Discussion for external characteristics 
6.4.1 Preliminary Result 
The experimental measurement was firstly performed in the laboratory in RMIT University with 
the X-stream XS-4 high speed camera and Pallite VIII 300W tungsten-halogen lamps as the light 
source. The maximum resolution of image is 512 pixels × 512 pixels with frame rate of 5000 fps. 
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Due to the low resolution and weak light source, the image quality is not good enough for 
quantitative analysis (Figure 6.3a). 
 
(a)                                                                           (b) 
Figure 6.3 Preliminary images of spray (a)Original image (b) Image after post processing 
 
The contrast between the background and the spray plume is not obvious.  Figure 6.3b has shown 
the spray plume after the post processing by MATLAB. Although the contrast of image is 
enhanced, the background noise is also amplified. Hence, spray edge tracking and the 
measurement of spray width will not be possible. From the preliminary result, it can be 
concluded that stronger illumination is required to provide better contrast and the background 
must be evenly illuminated. The resolution of image is also needed to be improved to provide a 
clearer spray edge for tracing purpose. The experimental measurements in later sections were 
performed in CSIRO with better equipment. The specifications of the cameras have been 
discussed in Chapter 3.     
6.4.2 Spray atomization 
A previous study by the authors (Inthavong et al. 2012) has determined that the atomizer used in 
the nasal spray device is of a pressure swirl type. The theory presented by Lin and Reitz (1998), 
and Lefebvre (1989) describes the spray development through several stages as the liquid 
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injection pressure is increased from its initial resting state. Figure 6.4 shows these spray 
development stages, which are the dribble, distorted pencil, onion, tulip and fully developed 
stages. The recorded time shown in the figure is the time from when the liquid is first injected 
through the nozzle. There is some time lag between liquid injection and the bottle movement, 
since the applied force has to overcome the opposing force by the internal spring. During the 
spray development from atomization, it was found that each of the spray development stages 
occurs except for the dribble stage. This stage only occurs when the pressure is low enough to 
produce small dribbling droplets. It can be seen that the distorted pencil is narrow and develops 
up to 2.6 mm before breaking up to form the onion stage. This length is similar to the dimensions 
of the nasal vestibule and this suggests that the orientation of the spray device should be inserted 
into the nose such that it provides sufficient clearance for the spray to develop. 
 
 
Figure 6.4. Comparison of spray development stages of nasal spray device under 5 bar compression 
pressure with schematic from Lefebvre(1989): distorted pencil, onion stage, tulip stage and fully 
developed. Dribble stage is only available at higher back pressure. 
 
A closer inspection of captured data showed that large droplets were formed before the main 
breakup of the liquid occurred (Figure 6.5). To ensure that this pre-spray breakup was not a 
consequence of residual water from the previous spray actuation, an absorbent material was used 
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to clear away any liquid accumulate outside the spray orifice before the next spray actuation was 
performed each time. The large droplets during pre-spray were still consistently observed in 
every measurement taken. It is inferred that this is caused by the lower injection pressure present 
early in the atomization process causing the bulk liquid to be ejected without breaking up and 
instead liquid ligaments are formed which break up further into large water droplets, due to the 
aerodynamic instability.  
 
Figure 6.5. Formation of pre-spray due to the insufficient compression pressure at initial stage. Pre-
spray will further breakup into large water blob by aerodynamic force when travel further 
downstream. The time is counted from the moment when spray nozzle was being pressed. 
 
 Figure 6.6 has demonstrated the resultant large droplet occurring from the pre-spray breakup 
for 2.05bar, 2.45bar and 2.65 bar cases. This is highlighted as the nasal cavity because it can 
cause the early droplet deposition in the nasal cavity. Morphometry data of the nasal cavity 
presented in Wen et al.(2008), shows that the minimum cross-sectional area in each nasal 
chamber is approximately 0.7cm
2
 which occurs at around 20mm from anterior tip of nose for a 
young and healthy Asian male (Figure 6.7). Taking a cross-sectional slice the geometry in 2D 
shows that the width is 7.8mm and the height is 13mm. From the numerical result of deposition 
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study by Inthavong et al (2008), the spray droplets with 20 microns under normal breathing 
condition hit the nasal vestibule already and cannot travel any further. Only the finer spray 
droplets could couple with the inhaled flow for better drug delivery efficacy. Hence, the large 
droplets produced during the pre-spray (up to 3mm in diameter, which is almost half of the width 
of nasal valve) in current study, would therefore deposit immediately within the anterior region 
prior to the narrowed nasal valve region and not all the drug delivered by each dose will enter the 
main nasal passage for absorption. The atomized spray droplets must be sufficiently fine for 
maximizing drug delivery efficacy. Furthermore the scaled image of the developed spray shows 
that the spray reaching up to 25.9 mm which is already as high as the nasal vestibule limit before 
the airway begins to bend. 
 
Figure 6.6. The maximum width of the last water blob formed by pre-pray under different injection 
pressure 
6.4.3 Characterisation of spray phases 
A method for nasal spray characterisation is the use of laser diffraction to characterize the 
beginning, middle, and end of the plume, with measurements taken at three distances from the 
orifice (FDA Guidance Draft (2003). Kippax et al.(2004) and Suman et al.(2002) used laser 
diffraction to find the droplet size distribution (DSD) profile during spray atomization where a 
decreasing DSD occurred at the beginning, a stable and small DSD was found in the middle 
phases, and finally an increasing DSD at the end.  The growing and decaying injection pressure 
encountered at the beginning and end of spray development produces a decreasing and 
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increasing DSD respectively, forming a U-shaped profile. Therefore there is a stable phase where 
the droplet size becomes small and relatively constant during the atomization process, and can be 
defined as the “stable phase" or the middle of the spray plume development as suggested by the 
FDA Guidance Draft. From the numerical result by Snyder et al. (2004).,  the spray droplet size 
was found inversely proportional to the spray cone angle. Hence, we can conclude that the spray 
droplet size will be smallest when the spray cone width reaches its maximum in the stable phase.  
 
 
(a)  Nasal cavity geometry 
 
(b) Nasal valve region 
Figure 6.7 (a) Scaled schematic showing the geometry of a fully developed spray in relation to a 
nasal cavity geometry. (b) Cross-sectioned view of a slice in the nasal valve region (which has 
smallest cross-sectional area in nasal cavity(Wen et al. 2008)) taken at 20mm from anterior tip of 
nose. 
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The spray width in each captured image is analysed by using in-house image-processing codes 
developed in MATLAB. The spray cone width is measured at three downstream distances 
(1.5mm, 3.0mm, 4.5mm) from the nozzle. While all sets of data for the different downstream 
distances provided a consistent trend among the results, the distance at 1.5mm was chosen for 
further analysis as it provided the best set of data to illustrate the variation of spray cone 
development during atomization (Figure 6.8).  
   
(a)    (b)    (c) 
Figure 6.8. The spray photos at pre-stable, stable and post-stable phase were processed using the 
Canny edge detection. The edge of spray cone can be traced by white outlines. The spray width at 
1.5mm downstream was defined as the distance between the white boundaries. 
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The results in Figure 6.9 show a clustering of data points into three distinct regions with 
individual outliers surrounding the each cluster. A sum of four sine functions is applied for the 
curve fitting to give a clear visualisation of the data trend. Although the spray cone development 
is a continuous process, the clustering of data points show that a quasi-discontinuous step profile 
is obvious. The different spray phases are defined by analysing the variation of standard 
deviation of the given data points and is illustrated in the figure with dashed lines. 
 
Figure 6.9. The variation of spray width at 1.5mm downstream from injection point under injection 
pressures of (a) 2.05 bar (b) 2.45 bar (c) 2.65 bar. (d) Phases of spray periods relative for each 
injection pressure.  
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The exact time for each phase is given in Figure 6.9d where each phase for each pressure case 
is compared against each other. It can be seen that there is a rapid progression in reaching the 
stable phase under high pressure and thus a faster process to achieve a more effective drug 
delivery through a smaller DSD. The stable and post-stable phases for all injection pressures 
have similar durations. For a pressure of 2.05 Bar, the pre-stable phase is the longest and this 
implies that larger droplets are produced for the longest period of time. From these results and 
earlier numerical studies by the authors (Inthavong et al. 2011; Inthavong et al. 2006), an 
conclusion on the efficacy of sprayed drug particles based on fluid-droplet dynamics can be 
made. The atomized droplets exist in the micron sized range which deposit in the nasal cavity by 
inertial impaction. Neglecting droplet breakup, the fluid-droplet dynamics primarily relies on the 
particle relaxation time (   
     ), and the moving fluid velocity that transports the droplet. 
While the 2.65 bar case produces a highly rapid acceleration of droplets during the initial 
atomization, it produces a greater number of smaller droplets in the stable phase, and it is the 
droplet size that is most sensitive to droplet inertia (i.e.   
  as given in the particle relaxation 
correlation). Therefore a higher spray pressure producing finer droplets will more likely produce 
better conditions for nasal drug delivery.  
Figure 6.10 also provides an insight into the typical DSD produced at the different phases of 
spray development under different actuation pressure settings and its relationship with a subject’s 
inhalation profile. For example if a droplet has too low inertia, then these droplets are likely to 
pass through the nasal cavity and therefore it may be instructive for a subject exhibiting high 
actuation strength to inhale more rapidly to increase the small droplets that are produced rapidly. 
 
6.4.4 Actuation Velocity 
Figure 6.11 shows the velocity profile of the spray nozzle for different spray pressure. It should 
be noted that the initial start time is set at when the nozzle moves, which differs from the earlier 
figures, where the time was measured when the water is ejected slightly after the initial actuation. 
There is a sharp acceleration reaching a peak at around 20ms as the bottle is compressed. At this 
stage the spring inside the atomizer is yet to be compressed and this opposing spring force causes 
the actuation velocity to decelerate. For the 2.65 bar case, the velocity quickly increases again to 
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a second peak and where the actuation velocity becomes relatively constant before decreasing to 
rest. 
 
Figure 6.10. The visualization of spray cone at the middle of (a) pre-stable, (b) stable and (c) post-
stable delivery phase under 3 bar, 4 bar and 5 bar back pressure. The time showing is the middle of 
each phase and is counted from the start of compression of nasal spray nozzle. 
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This constant section corresponds to the stable phase where the velocities range in between 
38mm/s and 42mm/s. This velocity range is responsible to the best atomization performance for 
this current nasal spray bottle. Theoretically, extending the duration of actuation velocity in this 
range will increase the generation of finer spray droplets.  From the figure, it can be seen that the 
time taken to reach the second peak increases significantly when the pressure is smaller. The 
average actuation velocities are 22.8mm/s, 35.9mm/s and 45.6mm/s for 2.05, 2.45 and 2.65 bar 
pressure respectively. When compared with the research by Doughty et al. (2011), the average 
velocity of spray nozzle under 2.05 bar and 2.65 bar compression pressure by automated 
actuation correspond to the hand operation of nasal spray bottle by paediatric and adult patients.  
 
Figure 6.11. Comparison of the history of spray nozzle velocity under different back pressure. The 
average velocity of spray nozzle for the pre-stable, stable and post-stable delivery phase is also 
indicated. According to the work by Doughty et al.(Doughty et al. 2011), the average velocity of 
compression of spray nozzle are 23.54 and 41.87 for pediatric and adult respectively  
 
6.4.5 Near nozzle spray characteristics 
A swirling liquid sheet is formed at the nozzle exit, whens the water is ejected through pressure 
swirl atomizer. This liquid sheet disintegrates into ligaments due to the instability caused by the 
shearing interaction with the surrounding air. The distance at which this occurs from the spray 
nozzle is referred to as the breakup length (Lbu).  the oscillating nature of the liquid sheet made it 
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difficult to use the edge detection scheme for the determination of breakup length. Instead, visual 
inspection was performed over 200 images, which is proven to be statistically sufficient to get an 
averaged value for each spray phase and pressure case. Figure 6.12 summarises the breakup 
lengths and also illustrates an averaged spray plume by overlaying each individual image onto a 
single image. The stable phase for all pressure cases has consistent external characteristics (cone 
shape and dimension). The breakup lengths for stable phase ranged from 4.98mm and 5.17mm 
and the average spray half cone angles were about 21°. The standard deviations of the breakup 
length of the three cases were about 0.8 and it is similar for all pressure cases. According to the 
liquid sheet atomization theory by Schmidt et al. (1999), the long breakup length implies a fine 
droplet formation. For pre-stable phase, both the breakup length and half cone angle have greater 
variations. The 2.05 bar and 2.65 bar cases have short breakup lengths, but this is skewed by the 
early injection period where no formation of spray cone and breakup can occur. As the pre-stable 
stage of the 2.65 bar case has an extremely short duration (2.2ms) and unstable in nature, the 
standard deviation of breakup length is large. As stated earlier, the breakup length has a close 
relationship with the droplet size, and an inconsistent breakup length implies a diverse spectrum 
of spray droplet size. 
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Figure 6.12. Spray atomization and droplet formation. Breakup length Lbu is defined as the 
averaged location of breakup of liquid sheet and formation of ligament in the corresponding spray 
phase. It is indicated by red line and measured from injection point. Spray half cone angle θ is 
measured to quantify the expansion of spray cone. It is the most significant value of the 
corresponding spray phase. 
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6.4.6 Spray Intensity 
The spray intensity value in the field of view of 26.1 mm (axial)   17.8 mm (radial width) at the 
middle of the spray stages under various compression pressure was obtained by MATLAB and 
normalized at fixed timing during the middle of each spray stage (Figure 6.13). The highest 
intensity value is one, which defined as the axial location with largest amount of liquid located. It 
normally occurs in the axial axis of nozzle exit. As stated before, the nasal valve is limited in size 
and constraints the delivery of spray to the nasal cavity, only the spray located in the "effective 
region" has highest probability to enter nasal cavity. It shows that the highest delivery efficiency 
always occur at the stable stage of the atomization.   
 
 
Figure 6.13: Spray Intensity (a) 2.05 bar (b) 2.45 bar (c) 2.65 bar 
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6.4.7 Spray Cone Width Fluctuation 
The spray cone width fluctuation is analysed and revealed in Figure 6.14. The fluctuation is 
defined as the spray width difference at a constant location between current and previous time 
step. The time step size and capture location used herein are 0.4545ms and 1.5mm downstream 
respectively. The broken line has illustrated the range of one standard deviation from the mean 
fluctuation. The stable stage for all pressure cases has consistently shown the smallest fluctuation 
range than the pre-stable and post-stable stage. Random fluctuation of liquid sheet is related to 
the dispersion angle of spray. Dispersion angle is a measurement of spray droplet dispersion 
caused by wave-like fluctuation during the break down of swirling liquid sheet.(Fung et al. 2012) 
It limits the stochastic trajectories of droplets within the dispersion range in addition to the initial 
cone angle and influences the spray droplet size distribution. The larger dispersion angle will 
cause large spray droplets to be dispersed at peripheral area. The post-stable stage of 2.65 bar 
case has an exceptionally large standard deviation due to the small sample size.  
 
Figure 6.14. Spray cone width fluctuation (a)Pre stable stage (b) Stable stage (c) Post-stable stage 
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6.5 Results and discussion for displacement history and internal characteristics  
6.5.1 Nozzle displacement history and propagation of spray cone 
 
 
Figure 6.15 Nozzle displacement history for (a) 2.05 bar (b) 2.45bar (c) 2.65bar actuation pressure 
and (d) schematic of internal spray atomizer. 
 
Using high speed filming the nozzle displacement during actuation of the nasal spray device for 
three different back pressure cases was determined and is shown in Figure 6.15. The dashed lines 
labelled S1, S2, and S3 on the graphs (a), (b) and (c) represent the repeated instantaneous images 
of the spray used later for the droplet size analysis. After preliminary testing, up to six sets of 
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filming per case was performed with any measurements experiencing timing errors were 
discarded. The displacement history of each injection pressure case was determined by averaging 
the set of filmed data. The profile for the 2.45 bar case corresponds well with the physical 
behaviour of spray actuation. There is an initial rapid increase in the displacement as the actuator 
moves up and engages with the spring. A momentary pause in the displacement occurs as the 
actuation force has to overcome the resistance from the spring (see Figure 6.15d) and also the 
resistance produced from the liquid exiting the orifice. Thereafter a steady increase in the 
displacement occurs before flattening once full actuation has been reached. Similar profiles are 
produced by the other cases. For the lower 2.05Bar case, the lack of force draws out the actuation 
duration as it takes longer to overcome the same amount of resistance. Conversely the higher 
2.65 bar case exhibits a much faster actuation time.  
 
 
Figure 6.16 Spray plume development as a function of time where t=0secs represents the start of 
actuation. It can be seen that the higher actuation pressure produces faster and shorter atomization. 
Three periods, expanding, fully developed, and collapsing are defined based on the shape of the 
spray plume. 
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The spray cone development in the near nozzle region is shown in  
Figure 6.16 through images captured at different times during the atomization using the PDIA. 
Three stages were identified where the spray was i) expanding, ii) fully developed and, iii) 
collapsing. During the expanding period the liquid forms a so-called distorted pencil shape  
(Fung et al. 2013), before it is long and far enough from the nozzle to allow instabilities on the 
liquid sheet to resonate and produce atomization. After this, the spray reaches its maximum cone 
angle and mass flow rate as it becomes fully developed and the atomization is constant over the 
period during which the liquid is ejecting. Near the end of the fully developed period, the 
actuation of the spray device is completed and the pressure needed to eject the fluid out from the 
nozzle diminishes, causing the spray cone to become a water column before collapsing in on 
itself. A high speed film of this spray formation can be found on-line at 
www.youtube.com/watch?v=_xid3FguMHE. The expansion period of the 2.65 bar case is the 
fastest while its fully developed period occupies most of the spraying time, which has been 
shown to produce smaller droplet sizes during atomization (Lefebvre 1989).  
6.5.2 Droplet size analysis 
Using the PDIA system, the averaged droplet diameter was determined for the three different 
pressure cases at each FOV region along row R1 and R2 defined in Figure 6.2 (eight regions in 
total). For each FOV region, two or three instantaneous images (based on the pressure case), 
were captured during the developed atomization stage where the spray plume was relatively full. 
The time instances are shown earlier in Figure 6.15, and labelled as S1, S2, and S3, and a set of 
200 images for each time instance were acquired in order to obtain a sufficient statistical average. 
Two equivalent diameters, D32 (Sauter Mean Diameter) and D30 (Volume Mean Diameter) were 
used to describe the droplet size and its variation across the spray plume. Figure 6.17 shows that 
the 2.65 bar case produced the smallest equivalent diameters (both D30 and D32), while the 2.05 
bar case produced the largest equivalent diameters due to the pressure applied to create the 
atomization.  
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Overall Mean Equivalent Diameters 
Pressure D32 (µm) D30 (µm) 
2.05 bar 89.2 50.4 
2.45 Bar 81.0 48.1 
2.65 Bar 80.3 47.3 
 
 
  
 
Figure 6.17 The overall mean equivalent diameters defined through the Sauter Mean (D32) and 
Volume Mean (D30) diameters in the near nozzle FOV regions along rows R3 and R4 of the spray 
plume under different actuation pressures 2.05 Bar, 2.45 Bar, and 2.65 Bar. 
 
According to Fung et al. (2012), fine droplets are transported and dispersed throughout the spray 
plume through the presence of turbulent eddies within the flow. These fine droplets quickly lose 
their momentum and become entrained in the flow field. As a result the particles then possess 
longer residence time than the large droplets, and accumulate close to nozzle region. A further 
cause of the larger droplet sizes for the row across R3 is its location which is immediately after 
the breakup length, where the liquid ligaments from the atomization are beginning to break off 
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into atomized droplets.  For each row, the far radial locations exhibit much smaller droplets 
which are caused by the spray droplets undergoing secondary breakup and forming smaller 
droplets. An additional analysis for the averaged droplet size is to determine the D30 excluding 
the two far radial field-of-views (R4C1 and R4C5) given that these two locations are unlikely to 
be reproduced inside the narrow nasal cavity (Wen et al. 2008),. This gives D30 values for the 
three pressure cases are 47.3µm, 48.2 µm and 50.4µm for the pressure cases 2.04Bar, 2.45Bar, 
and 2.65Bar. 
6.5.3 Predictions of drug delivery deposition 
Deposition studies of particles in the nasal cavity have been reported experimentally by many 
researchers (Cheng et al. 2001; Inthavong et al. 2011; Kelly et al. 2004; Schroeter et al. 2011; 
Shi et al. 2007). The collected data is plotted in Figure 6.18 which shows that the deposition 
efficiency variation with the inertial parameter da
2
Q where da is the aerodynamic diameter and Q 
is the inhalation flow rate. Due to each nasal cavity of different patients being unique, the 
deposition efficiency profile varies. However a general trend can be observed and a curve fit to 
represent the deposition of micron particles varying with the dependent variable     (the inertial 
parameter ) can be defined as, 
)).(exp(1 2 bQda   (6.4) 
where a = 5.068e-5  and b = 1.323 .  
The deposition efficiency curve correlation in Eqn.(6.4) gives a prediction of the likelihood of 
deposition in the nasal cavity. If the droplet size distribution produced from the nasal spray 
device is determined then the mass deposition of drug particles can be found by: 
Deposition Efficiency,   [1] × Droplet Size Distribution (6.5) 
where the Deposition Efficiency is defined in Eqn. (6.4) and the Droplet Size Distribution is the 
number of droplets analysed via the PDIA measurements taken from the eight local regions 
found along rows R3, and R4 shown in Figure 6.2. The number distribution of droplets is 
determined from the set of 200 images taken at the different times S1, S2, and S3 during 
atomization. 
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Figure 6.18 Literature results of deposition efficiency of micron particles in a nasal cavity. An 
overall curve fit is given to represent all data as )).(exp(1
2 bQda  , where a = 5.068e-5  and 
b = 1.323. 
 
The data for each actuation pressure case is plotted in Figure 6.19 which shows that there is little 
difference in the droplet number distribution. The data shows that a majority of spray droplets 
are in the size group 11-21 µm. The percentage decreases rapidly as the droplet size increases. 
The curve fit for the droplet size number distribution can be represented by the sum of two 
exponential functions. 
)exp()exp()( dsrdqpdf   (6.6) 
where p = 23.87, q = -0.1098, r = 1.89 and s = -0.03396  
By multiplying Eqn. (6.6) which represents the number of droplets per diameter size, with the 
inertial parameter equation Eqn. (6.4) for an inhalation rate of 20L/min, the number of deposited 
droplets in the nasal cavity can be predicted. The size distribution of droplets is skewed towards 
the smaller sizes, where the number of droplets larger than 100 µm has appears to have a small 
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contribution in terms of the number distribution. However its presence cannot be ignored 
because of the mass that a larger droplet exhibits. Drug delivery of droplets is better represented 
by the mass of drug formulation delivered into the nasal cavity. The predicted deposition of 
droplets by its mass percentage from 11µm to 351µm in size is given in Figure 6.19(b).  
The deposition of droplets by mass percentage is most dominant for droplets around 100µm 
since this is the contribution by the number percentage and its high impactability defined by the 
deposition efficiency correlation in Eqn. (6.4). This correlation describes the likelihood of the 
droplet depositing in the nasal cavity based on inhalation flow rate and droplet size. The primary 
deposition mechanism is by inertial impaction which implies that droplets exhibiting larger 
inertial properties will deposit in the presence of inhalation flow paths that bend or change 
direction rapidly. While Figure 6.19(b) shows the mass percentage of droplets depositing in the 
nasal cavity, it does not describe where the deposition will occur. Through inertial impaction 
theory, it is anticipated that the larger the droplet size, the more likely it is that the droplet will 
impact early, (e.g. anterior region of nasal cavity) where the first instance of any flow curvature 
occurs. By combining the well-established inertial parameter with the droplet size distribution 
from nasal spray performance, a prediction of the likely deposition rates can be achieved.  
 
         
(a) droplet size number distribution 
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(b) percentage of deposition of droplets by its mass  
 
Figure 6.19 (a) Number distribution and (b) mass distribution of spray droplets deposited in nasal 
cavity at inhalation flow rate of 20 L/min. 
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CHAPTER 7 
Numerical Analysis of Spray  
 
7.1 Introduction 
The purpose of this work is to evaluate numerical modelling techniques for simulation of spray 
atomization from a nasal spray device to complement experimental measurements previously. 
The parameters in breakup model were not optimized for this kind of low pressure injection with 
small scale atomizer. Thus, there is a need to tune the spray model constants of the Linear 
Instability Sheet Atomization (LISA) atomization model and evaluate its performance for low 
pressure applications such as those found in nasal spray devices. Some parameters that were 
evaluated include the dispersion angle and the liquid sheet constant which influences the droplet 
size distribution and dispersion. In numerical modelling, interactions between fluid phase and 
particle phase have impact on the particle trajectory. Improvements to the current state of CFD 
simulations for virtual drug delivery predictions can be made by applying more realistic initial 
droplet conditions which are important to its downstream behaviour.  
Research on low pressure applications such as that for nasal sprays is lacking and therefore has 
not been verified. Therefore in this study, we aim to evaluate the feasibility of the LISA spray 
model in CFD to verify its applicability for nasal drug delivery and to determine the initial 
droplet conditions that will replicate the physical behaviour of atomized droplets as they are 
produced from a nasal spray device. Furthermore the CFD results will provide insight into the 
device design needed to produce smaller droplet sizes, in order to improve droplet deposition in 
the middle regions of the nasal cavity. This will lead to a more integrated approach to nasal spray 
drug delivery simulations. The preliminary study of the simulation of spray atomization in CFX 
with BLOB model as primary atomization model was also compared with experimental result to 
test the capability of CFX on low pressure spray atomization. Part of the research outcome has 
been published in the Journal of Aerosol Science and Technology by Fung et al. (2012). 
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7.2 Numerical procedures for spray   
 
7.2.1 Numerical setup of the preliminary study of spray  
Commercial finite-volume based program ANSYS CFX V11 was used in the preliminary study. 
The standard k-ε turbulence model was used to simulate the turbulent flow induced by spray 
droplets. The advection scheme used in this study is the first order upwind scheme for 
accelerating the convergence.  The second order scheme was not used, because it was found that 
k-ε turbulence model occasionally encountered convergence problem if using second order 
scheme in fully-coupled turbulent fluid-particle simulations (Shi and Kleinstreuer 2007). For the 
transient scheme, second-order backward Euler method was used to improve accuracy. 
Primary Breakup model used in this study is BLOB method. It is the simplest approach which 
ignores the detailed description of the atomization process within the primary breakup zone of 
spray. Droplets with the size identical to nozzle diameters are injected and are subjected to 
aerodynamic induced secondary breakup. 
 
After primary breakup, the particles are exposed to the flow field where a shear layer occurs 
between the moving droplets and the stagnant air. This causes secondary breakup of the droplets 
into smaller droplets. This process is simulated by the Taylor Analogy Breakup (TAB) and 
Enhanced Taylor Analogy Breakup (ETAB) models for comparison in this study. 
 
 
7.2.2 Numerical setup of the simulation of continuous spray 
Commercial finite-volume based program ANSYS FLUENT V12 was used in this study. The 
standard k-ε turbulence model has been widely applied to simulate the turbulent gas phase 
induced by the momentum of spray droplets for co-flow, and high speed sprays, and hence high  
Reynolds number flows(Collazo et al. 2009; Shi and Kleinstreuer 2007). Although this model is 
widely applied, it often overestimates the turbulent viscosity and may not be applicable in the 
current case of a low pressure application where an induced flow is formed by spray droplets in 
stagnant air. Foliati et al. (2006) applied the realizable k-ε turbulence model in the simulation of 
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paint sprays at low injection pressure which showed good agreement with experimental results. 
Thus, the realizable k-ε turbulence model is used in this study. 
 
The primary breakup of a spray is modelled through the Linear Instability Sheet Atomization 
(LISA) method which is described by Senecal et al (1999). The droplets produced by the LISA 
model are defined with an initial stochastic trajectory based on a dispersion angle. The droplets 
are injected within the dispersion angle in addition to the main spray angle to produce the total 
spray cone angle. For high pressure engine spray, the dispersion angle was generally set as 10˚ in 
different literature (Baumgarten 2006; Edward and Rutland 1999). Since the dispersion angle can 
be varied in different cases, a comparison of the Sauter mean droplet diameter at different 
downstream locations is performed for different dispersion angles. 
Secondary droplet breakup is the breakup of parent droplets which are formed after primary 
breakup. The breakup criterion is determined by the gas Weber number of droplets. The five 
distinct breakup regime is determined by the initial Weber number and its classification is in 
given in Table 7.1 according to Pilch and Erdman (1987). 
Preliminary calculations showed that the We number to be in the range of 1.65 to 2.1 for the 
current low pressure nasal spray application. The secondary breakup can be numerically 
calculated by the Taylors Analogy Breakup (TAB) model. 
Table 7.1 Breakup regime of droplets 
Breakup Regime Weber Number 
Vibrational breakup We≤12 
Bag Breakup 12<We≤50 
Bag-and-stamen breakup 50<We≤100 
Sheet stripping 100<We≤350 
Wave crest stripping followed by catastrophic breakup We>350 
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7.3 Boundary conditions 
7.3.1 Boundary Conditions for Preliminary study 
 The volume is meshed with hexahedral elements, with O-grid at both ends, in order to get finer 
mesh for the injection path. Number of elements is about 82800 for preliminary analysis. The 
final mesh topology was determined by grid sensitivity test. The test was done by comparing the 
spray penetration. It was found that the 753519 elements mesh is sufficient, since the difference 
in penetration depth of models of finer mesh is not significant. The orifice has a diameter of 
about 0.295mm. The boundary conditions and details of material properties are shown in Figure 
7.1and  
 
Table 7.2 respectively. Ten particles were injected every time step (0.05ms). The simulation is in 
transient mode with the first 10ms data extracted and compare with experimental data.   
 
Figure 7.1  Boundary conditions 
 
 
Wall 
Distance from opening to 
injection point (50mm) 
Opening 
Opening 
Location of orifice 
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Table 7.2: Overview of data used in computations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.3.2 Boundary Conditions for the Simulation of Continuous Spray  
The computational domain to simulate the spray atomization was a cylinder having dimension of 
1m diameter and 1m in depth. The mesh consisted of both quad and hexa elements with an O-
grid applied in the centre in order to get a fine mesh in the spray region. The total number of 
mesh elements was 2.16 million cells after grid independence (based on spray penetration). The 
boundary conditions and mesh are shown in Figure 7.2 and additional details are summarized in  
Table 7.3. The commercial CFD code, ANSYS Fluent v12.1 was used to calculate the continuity 
and momentum equations for both gas phase and liquid phase. Discretisation of these equations 
were based on the third order accurate QUICK (Quadratic Upstream Interpolation for Convective 
Kinematics) scheme while for the turbulent kinetic energy and dissipation rate a second order 
upwind scheme was used. The pressure-velocity coupling used the SIMPLE (Semi-Implicit 
Method for Pressure Linked Equations) scheme. For the integration of droplet trajectories, the 
 Case A (6bar) Case B (2bar) 
Mass Flow Rate (g/s) 1.42 0.42 
Initial Cone Angle (deg) 22.62 16.64 
Properties of Liquid (water)   
Density (kgm^-3) 997 
Reference Temperature (Celsius) 25 
Dynamic Viscosity (kgm^-1K^-1) 0.0008899 
Surface Tension Coefficient (dynecm^-1) 72 
Properties of gas (Air)   
Density (kgm^-3) 1.185 
Reference Temperature (Celcius) 25 
Dynamic Viscosity (kgm^-1K^-1) 1.83E-05 
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Runge-Kutta scheme was used. Inlet with low flow velocity was set at the boundary to avoid 
reverse flow and minimize the impact of inlet flow on the momentum of spray droplets.  The 
simulation was run in steady state mode for continuous phase. Unsteady droplet tracking was 
applied to the Lagrangian phase to enable two-way coupling. To provide adequate response time 
and enhance numerical stability the droplet time step size is set to 0.1ms based on the droplet 
aerodynamic response time given as 
   
   
 
    
 
(6.1) 
According to the research by Cheng et al. (2001), the spray droplets generated by nasal spray 
device can be as small as 10 microns, which gives a response time of 0.28ms. One hundred 
droplet parcels were injected at every time step. This produced up to 700,000 droplet parcels 
being tracked at one time for a simulation of 4-seconds of physical time. 
 
 
Figure 7.2.Geometry mesh and boundary conditions 
 
 
116 
 
Table 7.3:Data used in CFD computations based on the experimental conditions used in 
Inthavong et al. (2012) 
Properties of Liquid  Spray Properties  
Density 998.2kg/m
3
 Injection pressure 5 bar 
Viscosity 0.001003 kg/m.s Mass Flow Rate 0.00145 kg/s 
Surface Tension 0.072 N/m Spray Cone Angle 25
o
 
  Nozzle diameter 0.5 mm 
Properties of Air  Liquid sheet constant 1 
Density (kgm
-3
) 1.225 kg/m
3
 Spread parameter 2.2 
Viscosity (kg/m-s) 1.789e-5 kg/m.s Dispersion Angle 3
o
 
Temperature 298.15 K   
 
7.4 Result and Discussion 
7.4.1 Result of Preliminary Study  
The spray cone angle development of the TAB and ETAB models in the first 10ms is compared 
at two different injection pressures (Figure 7.3). Generally, the simulation results match 
experimental result well in later stages (t=4-10ms) for the 6 bar case, where the maximum 
difference is approximately 2 degrees. However, in the first 2 ms, there are some differences in 
the spray cone angle development, because of the BLOB model’s assumption. In both cases, the 
jet breakup process is simplified, due to the application of BLOB model. The secondary breakup 
takes place immediately with spherical droplets of the same size of orifice is injected to the 
domain with predefined cone angle. The ignoring of the presence of water jet and short axial 
distance of droplet cause the large initial spray cone angle (Figure 7.4). However, in later time 
steps, the spray droplet travelled to a longer distance, the spray angles matched with the 
simulation result. For the 2 bar case, the difference between simulation and experimental result 
in later stage is caused by the insufficient injection pressure. The atomization was maintained at 
onion stage, causing large initial cone angle, but small final spray angle. 
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(a) 
 
(b) 
Figure 7.3 Comparison of Spray Half Cone Angle for (a) 6bar and (b) 2bar injection pressure. 
 
Normally, the TAB model gives a deeper axial penetration, because the TAB model simulates 
only secondary breakup. The jet breakup is not simulated, but assumes the initial spray condition 
at the nozzle exit. The well atomized spray induces a stronger air flow which leads to the deeper 
axial penetration at the initial stage. The ETAB model was originally developed for high 
pressure applications, where its modification from the TAB model was to prolong the under 
predicted breakup time in high pressure cases. This is achieved by assuming the droplet 
deformation rate to be initially the same as an elliptical droplet. When the droplets travel in the 
opposite direction to the air flow, it is deformed to an elliptic disc shape before breakup.  
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Figure 7.4 Determination of half cone angle θ/2 
 
Comparisons of the axial penetration for the secondary breakup models (Figure 7.5) showed that 
the ETAB model gave a superior result for the higher injection pressure case while the TAB 
model matched the experimental result slightly better in the low injection pressure case. In the 
high injection pressure case, the ETAB model performed better, because the droplets were more 
likely to be distorted as blimp like shape under high speed (Tanner 1997). Therefore, the breakup 
time and particle velocity calculated by ETAB model is more realistic.  
Nonetheless, in the lower injection pressure case, the pressure is not sufficient to produce a 
blimp like initial shape, but rather the deformation is more spherical, which is closer to the 
assumption of the TAB model. Additionally droplet agglomeration in the near nozzle region was 
neglected which may have contributed to the underestimated axial penetration.  
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(a) 
 
(b) 
Figure 7.5 Comparison of Axial Penetration for (a) 6bar and (b) 2bar injection pressure. 
 
Radial Range is the measurement of travel distance of droplets in normal direction after breakup. 
Radial dispersion is related to the droplet size and the rate of drop deformation  ̇ ̇. It can be 
determined by      ̇. In the standard TAB model, the parent drop deformation velocity goes 
into the normal velocity component of the child product droplets is usually larger than that in 
ETAB model. It was revealed by the comparison of a typical droplet in previous research 
(Tanner 1997). This leads to the TAB model always exhibiting a larger radial dispersion. The 
spray cone angle is closely related to the radial dispersion, since both of them are dependent on 
the normal velocity VN. However, they do not have an identical trend in simulation. The reason 
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is the absence of the simulation of primary breakup which was stated in previous section of the 
comparison of spray cone angle.   
Comparison of the radial penetration (Figure 7.6) shows similar performance of the two 
secondary breakup models which is similar to that of the axial penetration. The ETAB model for 
the radial dispersion performs better in the high injection pressure case while the TAB model 
works better for the low injection pressure case. 
 
(a) 
 
(b) 
Figure 7.6 Comparison of Radial Penetration for (a) 6bar and (b) 2bar injection pressure. 
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The images of experiments and simulations are illustrated in Figure 7.7 for comparison. The 
experimental result of the 2 bar case is compared with the TAB model numerical result and the 6 
bar case is compared with the ETAB model numerical result.  For the 2 bar case, the external 
characteristics generally match with the numerical result at the initial stage. However, the 
numerical result has shown a wider spray cone with shorter penetration starting from 4 ms. For 
the 6 bar case, the numerical result overpredicted the penetration and spray cone width. However, 
the accuracy keeps improving and matched with the experimental result at 10ms.      
 
 
 
Figure 7.7: Comparison of axial penetration for different injection pressures 
 
7.4.2 Inaccuracy and Limitations of the preliminary study 
This is a preliminary study, so there are inaccuracies and limitations. The low quality image of 
spray image is one of the reasons. Since the contrast of the spray plume and background is low, 
the edge of spray plume cannot be accurately determined. The spray cone angle, cone 
dimensions and penetrations are maybe slightly different from reality.  
Axial 
Penetration 
Radial Range 
Spray Half 
Cone Angle 
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Numerically, the blob model is mainly for simulating the atomization of spray from plain orifice 
type atomizer. Hence, the spray plume is in solid cone form and is different from that generated 
from the pressure swirl atomizer. Also, there is lack of stochastic modeling of spray angle, all the 
injected droplet parcels are in the same direction, without revealing the fluctuations of spray 
cone. Furthermore, CFX is a closed system, changing of parameters of numerical models is hard 
to be achieved. Hence, switching to FLUENT is a feasible way for achieving good numerical 
result. The setup and the results of the numerical simulation of continuous spray will be 
discussed in later sections.  
 
7.4.3 Spray modelling validation with high pressure case in CFX 
Simulation of spray atomization using the LISA model is first applied for a high pressure spray 
application to ensure that the modelling procedure is setup correctly. The LISA model for high 
pressure atomization accounts for the influences of disintegration of the liquid sheet, and breakup 
of spray ligaments which defines the droplets formed, its diameter and position, and velocity 
quantities. The simulation settings (e.g. liquid properties, pressure conditions) is based on the 
experimental measurements of Parrish (1997) with which the spray results are compared with. 
The setup used a time dependent flow model with a constant injection pressure of 4.86Mpa, mass 
flow rate of 0.01133 kg/s, nozzle diameter of 0.56mm, spray cone angle of 46 degrees, and fuel 
(density 770 kg/m
3
, viscosity 0.00047 kg/m) as the atomizing liquid. The spray penetration as it 
progressed over time is shown in Figure 7.8. In general the CFD model result shows a good 
comparison for the spray penetration length over time. The corresponding rate of penetration is 
in good agreement with the experimental data. In the early stages the spray penetrated to a length 
of 23.33mm within 0.5ms and then to 39.68mm after 1ms, which is greater than the penetration 
measurements of Parrish (1997). Thereafter the CFD and experimental results are quite similar. 
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Figure 7.8 Time history of measured and predicted spray penetration. 
 
7.4.4 Spray model tuning and validation for low pressure case for FLUENT 
The spread parameter, q relates to the uniformity of the size distribution. This is determined by 
fitting with nasal spray device experimental data(Inthavong et al. 2012). Figure 7.9 shows the 
influence of the spread parameter on the Rosin-Rammler distribution function, where a value of 
q = 2.2 provides the best fit to the experimental data of the overall droplet size in 8 regions close 
to the nozzle. Additionally it can be seen that a lower spread parameter produces less droplets for 
the volume mean diameter and a wider distribution while a larger spread parameter a more 
narrow distribution with a higher number of droplets for the volume mean. 
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Figure 7.9.Comparison of volume log-normal distribution of spray droplets from experimental 
result and the corresponding Rosin Rammler distribution with spread paramter: 2.2.  
 
The liquid sheet constant,  (
  
  
) in the LISA primary breakup model has a significant impact 
on the breakup length of liquid sheet Figure 7.10 which influences the liquid sheet thickness and 
the sheet ligament size. The default value is set to 12 which is commonly used in high pressure 
spray applications (Gao et al. 2005; Park et al. 2009; Schmidt et al. 1999), but its performance 
under low pressure applications is unknown. Varying sheet constant values were tested and 
compared with experimental data where the measurements were made within the near nozzle 
region of a nasal spray device. Figure 7.12 shows a schematic of the experimental measurement 
locations and the corresponding CFD simulations to highlight the regions that are used for 
validation in this study. The measurements are contained within small field-of-view regions of 
3.853mm-wide and 3.082mm-high with its horizontal centre defined as x=0mm at the middle of 
the spray nozzle. The vertical origin y =0mm is located at the spray nozzle tip where the 
atomization begins. 
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Figure 7.10. Sauter mean diameter (SMD) of droplets at differnt radial location with various liquid 
sheet constant at downstream distance between y = 9.246mm and y = 12.33mm. 
 
The dispersion angle provides the random dispersion that can occur due to the natural wave-like 
fluctuations that occur during the break down of a swirling liquid sheet.  It defines the limit of 
stochastic trajectories of droplets that are injected within a dispersion range which is in addition 
to its initialised spray cone angle. Thus, a dispersion angle of 0˚ implies that there is no 
fluctuation of the liquid sheet and the injection angle does not vary. Without a stochastic 
fluctuation, the droplets will be injected with the initialised spray cone angle only. This leads to 
the smaller droplets, which are driven by turbulence, to drift towards the centreline position and 
accumulate within the spray core. This is unrealistic and leads an under-prediction of droplet size 
in the core region.Figure 7.11 shows the influence of the dispersion angle on the droplet SMD. 
For a large dispersion angle, the droplet size within the core increases. Exaggerated stochastic 
fluctuation of the liquid sheet will cause more droplets to be directed with a path closer towards 
the centreline and the atomized large droplets are more likely to reach the spray core. In this 
study, it was found that a dispersion angle of 3˚ was appropriate in matching with the 
experimental result. 
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Figure 7.11 Sauter mean diameter (SMD) at different radial locations for various droplet 
dispersion at downstream distance between y = 9.246mm and y = 12.33mm. 
 
The resulting spray mean volume diameter (D30) and Sauter mean diameter (D32) produced from 
the selection of a dispersion angle of 3
o
 and a sheet constant of 1 is shown in Figure 7.12 for two 
downstream locations from the spray nozzle. In general, the results show that the LISA 
atomization can predict both droplet sizes at different locations close to nozzle exit fairly well. 
Locally, the comparison of SMD at the spray periphery at location between y = 6.164mm and y 
= 9.246mm shows an under-prediction in the droplet size, although in general it is expected that 
larger droplets should be found closer to the spray core region because of its higher inertial 
property and its propensity to move linearly, while finer droplets are driven to peripheral regions 
by turbulence flow induced by the spray itself. Downstream at location between y = 9.246mm 
and y = 12.33mmthere is relatively good agreement for both SMD and D30 at all local regions. 
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Figure 7.12 Schematic of experimental data (Inthavong et al. 2012)and the regions used for 
validation of the CFD model 
 
The Sauter mean diameter (SMD) from the spray atomization is calculated for the bottom 
horizontal region located between y = 9.246mm and y = 12.33mm and its comparison is shown 
in Figure 7.13. 
For a sheet constant of   (
  
  
)= 12 the predicted SMD is 0.5µm and is approximately constant 
along the radial direction. Inspection of the CFD data revealed that a group of fine droplets (0.5-
5 µm) were entrained and suspended close to the injection point. For a liquid sheet constant of 
  (
  
  
)= 1 the droplet SMD at the radial distance of +/- 4mm offset from the centre axis and at 
the spray periphery (+/- 8mm offset from centre axis) produced the best comparison with the 
experimental data. The droplet SMD along the centre axis (x=0mm), however is under-predicted. 
This phenomenon is related to spray dispersion angle and is discussed in the next section. 
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Figure 7.13 Comparison of SMD and D30 with experimental data from Inthavong et al. (2012) for 
downstream locations between (a) y = 6.164mm and y = 9.246mm (b) y = 9.246mm and y = 12.33mm 
from orifice. 
 
7.4.5 External Characteristics of Spray and Droplet Velocity for Continuous Spray  
Smaller droplets were located at the peripheral spray region, while larger droplets occurred along 
the axial axis of the orifice. In the near nozzle region, where a large build-up of droplets occur, 
the flow field is influenced by the spray droplet motion, but also the trajectory of the droplets 
will also be affected, depending on the Stokes number (Crowe et al. 1998), defined as: 
    
    
  
      
 
(6.2) 
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where U  is the gas flow velocity and Lc is the characteristic length. 
From Eqn.(6.2), it is clear that the droplet size is dominant in the Stokes number. It is expected 
that the droplet trajectory with small Stokes number are affected by gas motion significantly. 
Hence, the small droplets will transported and dispersed with any turbulent eddies within the 
flow. The distribution of the 10,000 largest and 10,000 smallest droplets are shown in Figure 
7.14 where small droplets are more disperse, driven by the presence of turbulent fluctuations in 
the flow. Larger droplets will be more likely to travel in a straight line along the liquid sheet 
direction. Furthermore, larger droplets have a much shorter residence time than small droplets, 
and this is due to the greater velocities that are maintained by the droplet’s own inertia, whereas 
the smaller droplets velocities are decreased from drag. 
Since the production of the turbulent kinetic energy (TKE) in the flow field has a significant 
influence on the dispersion of smaller droplets, a TKE contour plot is given in Figure 7.15. The 
TKE increases from the injection point and reaches a maximum at 16.9mm downstream from 
injection point. The TKE then decreases further downstream and also radially. In the context of 
the nasal cavity, the research by Liu et al. (2007), showed that the TKE within 30mm 
downstream from injection point is in the range of 2.5 and 10 m
2
/s
2
 when the inhalation flow rate 
is 45L/min. In context of inhalation flow rates, measurements by Eisele et al.(1992) found a 
mean value of 7.97L/min at rest while after exercise at 50% of the subject’s VO2 max, the 
breathing flow rate was31.57L/min. For sniffing a flow rate of 55L/min was used by Zhao et al. 
(2006). This suggests that the TKE values found by Liu et al. (2007) at 45L/min is at the higher 
spectrum of flow rates that may be within the range of sniffing flow rates. The turbulence 
induced by the nasal spray is less than a quarter of that caused by inhalation breathing. Sniffing 
technique used by patient when applying nasal spray application is still the dominant factor of 
variation of flow pattern in nasal cavity. The TKE generated by nasal spray may have a slight 
impact on the inflow at the upstream of nasal airway.  
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Figure 7.14 (a) Comparison of average velocity variation against downstream location. (b) droplet 
dispersion comparison between a two-coupling and a one-way coupling simulation. 
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Figure 7.15 Contour plot of turbulent kinetic energy of vortex generated by spray 
 
The spray plume, its spray cone diameter, and its development downstream are significant since, 
the spray is confined to the dimensions of the nasal cavity when applied in practice. Figure 7.16 
shows three horizontal planes which detect droplet parcels that pass through that plane. It is 
evident that the spray cone diameter increases as it progresses downstream where Plane A is 
located at 6mm from orifice and has a spray cone of diameter of 6.9mm, while Plane B, and C 
have diameters of 12.4mm and 18.8mm respectively. It is crucial to study the growth of spray 
cone diameter downstream since the narrow passageways of the nasal cavity, with small cross- 
section area will not allow a full spray plume to develop and therefore any droplets on a spray 
cone larger than the nasal cavity will indeed deposit onto the mucus respiratory walls. An 
averaged nasal cavity taken randomly from 30 patients was produced by Liu et al. (2009) which 
showed that the anterior half of the nasal cavity need exhibited passageways no greater than 
10mm in width. Thus it can be assumed that evaluations of nasal spray development and 
performance need to only consider the performance within the first 30mm as the rest of the spray 
becomes irrelevant to its applications. 
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7.4.6 Coupling of liquid phase and gas phase 
Typically CFD simulations of drug droplet deposition in the nasal cavity introduce the droplets 
from a point source and its trajectory is track influenced by the surrounding flow field which 
imparts a drag force onto each individual droplet. Thus the assumption of one-way coupling is 
enforced. This provides computational efficiency as it requires less computational resources, 
provides rapid solutions, and is accurate where the volume or void fraction of the secondary 
disperse phase (droplets) is considered low. In the near nozzle spray field, there is a dense 
concentration of liquid and droplets and the one-way coupling assumption becomes invalid in 
this local region. To determine the difference that occurs when a one-way coupled simulation is 
used, this additional simulation is performed. Figure 7.14a shows the variation between a one-
way and two-way coupled simulation of the air and spray flow field. Further analysis for four 
and six way coupling regarding turbulence modulation is not investigated in this paper. Under a 
one-way coupled model, the air flow velocity remains constant, equal to it inlet velocity, (vair = 
vinlet = 0.001m/s), while under two-way coupling an averaged velocity of 1.9m/s is produced, 
caused by momentum transfer from the droplets. For the droplet phase, slight fluctuations are 
found in the one-way coupled approach, which is due to the turbulent dispersion rather than any 
momentum losses to the fluid phase. The momentum losses however occur in the two-way 
coupling, where the droplet velocity profile has a significant reduction in its averaged droplet 
velocity. In the dense region the spray is a two way coupling process and the is momentum 
exchange between droplet phase and air phase, which also interact with turbulence and the 
formation of vortices Figure 7.14b provides visualisation of the spray droplets. It can be seen that 
in one way coupling the spray droplets travel downstream with its initial cone angle, and is not 
only undisturbed by the flow field, but also maintains its momentum. Its trajectory is very much 
linear which is in contrast to the two-coupling where momentum losses produce a more disperse 
distribution of droplets. 
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Figure 7.16. Spray cone diameter at various axial distance downstream. Droplets are coloured by 
their velocity magnitude.  
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CHAPTER 8 
Conclusion and Recommendations  
 
The spray atomization from a commercial available nasal spray device was investigated 
experimental and numerically. The spray’s external and internal characteristics were captured 
and analysed by high speed camera, PIV and PDIA. The hand operations of the nasal spray 
device by adult and pediatric patients were simulated by an in-house automated test station. The 
parameters of the Linearlized Instability Sheet Atomization (LISA) model is optimized for low 
pressure spray applications. In this chapter, major findings, problems solved and research 
methods developed are discussed.   
 
8.1 Experimental Study of Continuous Spray 
A commercial nasal spray device was tested in order to better understand its spray formation and 
characteristics. Experimental analysis of a continuous spray showed that the spray is 
characteristic of one that is produced from a pressure-swirl atomizer, which consisted of dense 
liquid in the near-nozzle region and a breakup of the liquid sheet into droplets. The droplet 
diameters and spray velocity obtained from PIV and PDIA were characterized by empirical 
correlations that may be of use for setting the initial boundary conditions in CFD simulations of 
drug delivery in the nasal cavity. It was shown that there is some variation in the droplet 
diameters with respect to its radial and axial position from the spray orifice. The width and 
length of the spray are much larger in scale in comparison with the dimensions of a nasal cavity. 
This implies that only a narrow segment of the spray actually fits within the narrow cross 
sections of the nasal cavity. The application of the spray into a human nasal cavity highlighted 
the inefficiency of a vertically aligned nasal spray, and that perhaps aligning the spray in a more 
horizontal position may help improve the efficacy of drug delivery, given that the nasal passage 
is horizontal. Introduction of droplets into the nasal cavity for CFD studies should account for 
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the breakup length and the spray plume diameter for which the droplets would be randomly 
distributed over.  
8.2 Experimental Study of Unsteady Spray 
The qualitative study of the external characteristics of an unsteady spray atomization from a 
nasal spray device was performed. A testing station was built in house for the automated 
actuation of the spray bottle to replicate hand operation of different subject strengths equivalent 
to 2.05, 2.45, and 2.65-bar spray pressure. Four distinct developmental stages as described in the 
literature were captured by the high-speed camera. Interestingly, breakup of large water 
ligaments and droplets were present during the prespray stage, which has important implications 
for spray drug delivery given the nasal cavity airway geometry. It is noted that although this 
phenomena was consistent during all spray measurements, it is left for further investigation as to 
whether this would be found in other nasal spray devices. Using image processing techniques, 
the stable phase of spray atomization was determined based on the spray width as it developed. 
The duration of each phase was also mapped out for each pressure case, which found that the 
stable phase persisted the longest. This mapping allows for a better understanding in providing 
advice to patients on timing, handling, and application of nasal spray actuation. Visualization of 
the spray in the near nozzle also provided insight into the different external spray structure that 
included the Lbu and spray cone angle which are formed during the different phases. Finally, the 
velocity profile of the actuation of spray nozzle as it is depressed and its averaged velocity 
confirmed that the range of actuation strength produced between 2.05 and 2.65 bar is similar to 
the range from a pediatric to an adult subject. The study investigated the external characteristics 
of spray development from a single nasal spray device. Further studies on different commercially 
available nasal sprays and the DSD will further contribute toward a better understanding of spray 
atomization in medical drug delivery devices. 
The nozzle displacement during actuation, the spray plume development, and local averaged 
droplet size during the atomization process are sensitive to the actuation force applied on the 
atomizer. The nozzle displacement during actuation is characterised by two stages which are the 
initial nozzle acceleration, and a steady displacement towards full displacement. The duration of 
each stage is shorter with increasing actuation pressure. Furthermore the spray plume 
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development during each stage was mapped which showed different starting times for the spray 
plume expansion, being fully developed, and collapsing. The overall mean equivalent diameters 
were also determined where the droplet sizes were much smaller at the furthest radial distances 
than those found in the middle of the spray and this is attributed to secondary breakup. Using the 
well-known deposition efficiency vs inertial parameter curve along with the droplet size number 
distribution, a method for predicting the droplet deposition in the nasal cavity for a given 
inhalation was shown. Furthermore the deposition by mass was shown which is more relevant 
for atomized drug delivery.  
  
8.3 Numerical Study of Continuous Spray 
After tuning the spray model constants, which included the spread parameter of the Rosin–
Rammler distribution, the dispersion angle and the sheet constant, the model generated numerical 
results for comparison with experimental data. Both volume mean diameter and SMD had good 
agreement with experimental data. The CFD results showed that more large droplets were 
located along the central axis and moved with the liquid sheet direction due to inertia, while 
small droplets were driven to peripheral region by turbulent induced flow. The coupling of the 
liquid phase and gas phase was shown to influence the flow field especially in the near nozzle 
region where the spray exhibits highly dense liquid region. Further downstream the coupling was 
not as strong given that the concentration of droplets is more disperse. Commercial available 
nasal spray pumps in market have various droplet size spectrums and spray angle. Nonetheless, 
the droplets generated are within similar size ranges. By adjusting the spread parameter and 
injection angle, the current modelling approach is expected to be broadly applicable in 
simulating atomization from most available nasal spray pumps. This work is a stepping stone 
toward a more complete and holistic description for predictions of nasal drug delivery studies. 
8.4 Recommendation for Further Study 
There are several further studies that can be performed to continue this research in both 
experimental and simulation aspects. 
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The experiment has provided an insight into the atomization of spray from a commercially 
available spray bottle. Since there are various designs of spray bottle in the market with diverse 
spray patterns and droplet size distribution, it is worth to have an extensive investigation 
quantitatively and qualitatively on the spray atomization of different spray bottles by the PIV and 
PDIA system in CSIRO. 
From literature, it was found that the surface tension and liquid viscosity are also critical to the 
atomization performance of spray. Different drug formulations have diverse surface tension and 
liquid viscosity, so it is also worth to investigate the impact of the liquid properties on spray 
droplet size distribution and spray cone angle.  
Extensive fundamental research has been performed on the liquid sheet disintegration for 
atomizers in heavy industries. The amplitude and frequency of the waveform existed on liquid 
sheet are critical to the breakup length and final droplet size. Due to the high speed nature of the 
liquid sheet propagation and the small scale of nasal spray atomizer, the analysis and 
measurements are hard to be performed with current high speed optical devices. Further 
experimental investigation should be done when better equipment is available. The research 
outcome will be useful for improving the design of nasal spray devices. 
The injection pressure and mass flow are parameters required for the numerical atomization 
model. Currently, only the actuation force acting on the nasal spray nozzle can be measured. 
Further analysis can be done to determine the relationship between injection pressure acting on 
liquid and the actuation force. For the mass flow rate, flow meter is not possible to be used for 
such tiny devices. Alternative non-invasive measurement techniques should be determined for 
the mass flow rate measurement   
For numerical study, current atomization model can be combined with the geometry of nasal 
cavity for deposition analysis. In the past, the numerical deposition studies were performed by 
releasing monodispersed or polydispersed particels with fixed cone angle. It is not realistic and 
can be improved by using LISA model which has included the stochastic dispersion angle. Other 
turbulence models, such as Reynolds Stress Model (RSM) and Large Eddy Simulation (LES) 
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model can be applied in the deposition to investigate the anisotropic behavior of airflow under 
high flow rate.         
As mentioned before, the experimental measurement of liquid sheet disintegration is hard to be 
achieved. Hence, Eulerian-Eulerian simulations can be performed to investigate the internal flow 
inside the spray nozzle and the liquid sheet formation at the close to nozzle area. However, this 
approach requires much computational resources, since a large number of elements are required 
to capture the liquid-gas interface and the instability on liquid sheet.  The research outcome will 
be useful for finding out the relationship between the nozzle design and the spray atomization 
behavior.   
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Appendix A: 
PLC Program for Automated Test Station  
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Appendix B 
MATLAB Script for image processing 
Spray Width measurement  
 
clear 
%import the images to workspace in MATLAB 
for d=35:99 
    s=['I_' int2str(d-34) '=imread (''5bar1_00' int2str(d) '.bmp'')'];  
    eval(s) 
end 
for d=100:334 
    s=['I_' int2str(d-34) '=imread (''5bar1_0' int2str(d) '.bmp'')']; 
    eval(s) 
end 
stat = zeros(300,3); 
for p=1:3 
     
q=['cropBW = I_' int2str(p) '(270:530, 115:1280, :);']; 
eval(q); 
B=rgb2gray(cropBW); 
  
C=double(B); 
  
  
for i=1:size(C,1)-2 
    for j=1:size(C,2)-2 
        %Sobel mask for x-direction: 
        Gx=((2*C(i+2,j+1)+C(i+2,j)+C(i+2,j+2))-(2*C(i,j+1)+C(i,j)+C(i,j+2))); 
        %Sobel mask for y-direction: 
        Gy=((2*C(i+1,j+2)+C(i,j+2)+C(i+2,j+2))-(2*C(i+1,j)+C(i,j)+C(i+2,j))); 
        
        %The gradient of the image 
        %B(i,j)=abs(Gx)+abs(Gy); 
        B(i,j)=sqrt(Gx.^2+Gy.^2); 
        
    end 
end 
%figure,imshow(B); title('Sobel gradient'); 
  
%Define a threshold value 
Thresh=40; 
B=max(B,Thresh); 
B(B==round(Thresh))=0; 
  
K=uint8(B); 
%figure,imshow(~B);title('Edge detected Image'); 
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Maxpointer1=0; 
Minpointer1=0; 
Maxpointer2=0; 
Minpointer2=0; 
Maxpointer3=0; 
Minpointer3=0; 
         
            for i=50:250 
                if and ((K(i,68)>0),(Minpointer1==0)) 
                    Minpointer1=i; 
                end 
                if and ((K(i,68)>0),(i>Minpointer1)) 
                    Maxpointer1=i;  
                end         
                if and ((K(i,113)>0),(Minpointer2==0)) 
                    Minpointer2=i;    
                end 
                if and ((K(i,113)>0),(i>Minpointer2)) 
                    Maxpointer2=i; 
                end 
                if and ((K(i,158)>0),(Minpointer3==0)) 
                    Minpointer3=i; 
                end 
                if and ((K(i,158)>0),(i>Minpointer3)) 
                    Maxpointer3=i; 
                end  
                 Width1=(Maxpointer1-Minpointer1)/45; 
                 Width2=(Maxpointer2-Minpointer2)/45; 
                 Width3=(Maxpointer3-Minpointer3)/45; 
                 if Width1<0 
                     Width1=0; 
                 end 
                 if Width2<0 
                     Width2=0; 
                 end 
                 if Width3<0 
                     Width3=0; 
                 end 
                  
                 t=['stat(' int2str(p) ',1)=Width1;']; 
                 eval (t) 
                 u=['stat(' int2str(p) ',2)=Width2;']; 
                 eval (u) 
                 v=['stat(' int2str(p) ',3)=Width3;']; 
                 eval (v) 
            end 
                  
             
                       
end 
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 Overlaying the Spray Images and Provide the Contour Map 
 
 
for d=85:94 
    s=['I_' int2str(d) 'b=~im2bw(I_' int2str(d) ',0.35);']; 
    eval(s); 
end 
  
I_overall=zeros(1024,1280); 
  
for d=85:94 
    s=['I_overall=I_' int2str(d) 'b + I_overall;']; 
    eval(s); 
end 
image(I_overall) 
axis off 
contourcmap('jet',[0:1:10]) 
colorbar('location','Eastoutside') 
caxis([0 100]); 
colormapeditor 
print('-dpng','-r1200','Y3X1L') 
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Spray Angle Determination 
 
 
clear 
I = imread('5bar1_0250.bmp'); 
level = graythresh(I); 
BW = im2bw(I,0.4); 
imshow(~BW) 
% you can obtain the coordinates of the rectangular region using 
% pixel information displayed by imtool 
start_row = 30; 
start_col = 300; 
  
cropBW = ~BW(start_row:620, start_col:550, :); 
  
imshow(cropBW) 
  
% Store (X,Y) offsets for later use; subtract 1 so that each offset will 
% correspond to the last pixel before the region of interest 
offsetX = start_col-1; 
offsetY = start_row-1; 
  
dim = size(cropBW); 
  
% horizontal edge 
col1 = 40; 
row1 = min(find(cropBW(:,col1))); 
  
% spray edge 
row2 = 561; 
col2 = min(find(cropBW(row2,:))); 
  
boundary1 = line ([40 601],[508.5 601]); 
  
% set the search direction to counterclockwise, in order to trace downward. 
boundary2 = bwtraceboundary(cropBW, [row2, col2], 'W', 8, 320,'clockwise'); 
  
imshow(I); hold on; 
  
% apply offsets in order to draw in the original image 
plot([300 508.5],[601 601],'g','LineWidth',2); 
plot(offsetX+boundary2(:,2),offsetY+boundary2(:,1),'g','LineWidth',2); 
  
  
x=[300 508.1]; 
y=[601 601] 
  
ab1 = polyfit(x,y, 1); 
ab2 = polyfit(boundary2(:,2), boundary2(:,1), 1); 
  
vect1 = [1 ab1(1)]; % create a vector based on the line equation 
vect2 = [1 ab2(1)]; 
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dp = dot(vect1, vect2); 
  
% compute vector lengths 
length1 = sqrt(sum(vect1.^2)); 
length2 = sqrt(sum(vect2.^2)); 
  
% obtain the larger angle of intersection in degrees 
angle = acos(dp/(length1*length2))*180/pi 
  
intersection = [1 ,-ab1(1); 1, -ab2(1)] \ [ab1(2); ab2(2)]; 
% apply offsets in order to compute the location in the original, 
% i.e. not cropped, image. 
intersection = intersection + [offsetY; offsetX] 
  
inter_x = intersection(2); 
inter_y = intersection(1); 
  
  
text(inter_x-100, inter_y-60, [sprintf('%1.3f',angle),'{\circ}'],... 
     'Color','y','FontSize',14,'FontWeight','bold'); 
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